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Figure  13.— Model  head-discharge  relationships  with  transverse 
splitter  wall  modifications. 


Editor's  note:  Paste  corrected  chart  in  place  on  page  11. 
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PREFACE 


This  publication,  the  16th  part  of  a group  of  publications  dealing  with  the 
hydraulics  of  closed  conduit  spillways,  reports  tests  on  the  elbow  and  transition  used 
between  high  two-way  drop  inlets  and  the  spillway  barrel.  The  previous  15  parts  were 
published  as  technical  papers  and  Agricultural  Research  Service  (ARS-NC  Series) 
publications  all  under  the  major  title  “Hydraulics  of  Closed  Conduit  Spillways.”  The 
technical  papers  were  published  by  the  St.  Anthony  Falls  Hydraulic  Laboratory 
(SAFHL),  University  of  Minnesota,  Minneapolis.  The  earlier  publications  are: 

Part  I.  Theory  and  Its  Application,  by  F.  W.  Blaisdell.  SAFHL  Tech.  Paper  No.  12, 
Ser.  B,  22  pp.,  illus.,  Jan.  1952  (rev.  Feb.  1958).  Gives  theory,  symbols,  and 
bibliography. 

Parts  II  through  VII.  Results  of  Tests  on  Several  Forms  of  the  Spillway,  by  F.  W. 
Blaisdell.  SAFHL  Tech.  Paper  No.  18,  Ser.  B,  50  pp.,  illus.,  March  1958.  Parts  II  through 
VI  describe  the  hydraulic  performance  and  present  discharge  coefficients  for  five 
forms  of  the  closed  conduit  spillway;  Part  VII  discusses  vortices  and  their  effect  on 
the  spillway  capacity. 

Part  VIII.  Miscellaneous  Laboratory  Tests;  Part  IX.  Field  Tests,  F.  W.  Blaisdell. 
SAFHL  Tech.  Paper  No.  19,  Ser.  B,  54  pp.,  illus.,  March  1958.  Reports  tests  on 
models  of  specific  field  structures  and  on  field  structures  themselves. 

Part  X.  The  Hood  Inlet,  F.  W.  Blaisdell  and  C.  A.  Donnelly.  SAFHL  Tech.  Paper 
No.  20,  Ser.  B,  41  pp.,  illus.,  April  1958.  Reports  the  development  of  the  hood  inlet. 

Part  XI.  Tests  Using  Air,  F.  W.  Blaisdell  and  G.  G.  Hebaus.  SAFHL  Tech.  Paper 
No.  44,  Ser.  B,  53  pp.,  illus.,  January  1966.  Discusses  the  use  of  air  for  tests  of  closed 
conduit  spillways. 

Part  XII.  The  Two-Way  Drop  Inlet  with  a Flat  Bottom,  C.  A.  Donnelly,  G.  G.  Hebaus, 
and  F.  W.  Blaisdell.  ARS-NC-14,  66  pp.,  illus.,  September  1974.  Discusses  tests  on  a 
covered  rectangular  drop  inlet  with  a flat  bottom  where  the  water  enters  only  over  the 
two  sides,  and  presents  recommendations  for  the  spillway  design. 

Part  XIII.  The  Hood  Drop  Inlet,  K.  Yalamanchili  and  F.  W.  Blaisdell.  ARS-NC-23,  78 
pp.,  illus.,  August  1975.  Reports  tests  on  a hood  inlet  located  at  the  bottom  of  a drop 
inlet  and  gives  recommendations  for  its  proportioning  and  hydraulic  design. 

Part  XIV.  Antivortex  Walls  for  Drop  Inlets;  Part  XV.  Low-Stage  Inlet  for  the  Two-Way 
Drop  Inlet,  C.  A.  Donnelly  and  F.  W.  Blaisdell.  ARS-NC-33,  37  pp.,  illus.,  March  1976. 
Part  XIV  reports  tests  on  the  adequacy  of  various  antivortex  devices  for  square, 
rectangular,  and  circular  drop  inlets.  Part  XV  reports  tests  on  the  location  and  size  of 
low-stage  orifices  for  two-stage,  two-way  drop  inlets. 

The  elbow  and  transition  study  reported  in  this  publication,  Part  XVI,  was  con- 
ducted by  engineers  of  Agricultural  Research,  Science  and  Education 
Administration,  U.  S.  Department  of  Agriculture,  Minneapolis,  cooperating  with  the 
Minnesota  Agricultural  Experiment  Station  and  the  St.  Anthony  Falls  Hydraulic 
Laboratory,  University  of  Minnesota,  Minneapolis.  George  G.  Hebaus  conducted  the 
preliminary  literature  search,  developed  the  experimental  program,  and  conceived  the 
unique  form  of  the  warped  transition.  Charles  E.  Rice  designed  the  air  models  and 
conducted  most  of  the  air  tests.  Clayton  L.  Anderson  completed  the  air  experiments, 
designed  the  water  models,  conducted  the  water  tests,  analyzed  the  data,  and  wrote 
the  report.  Charles  A.  Donnelly  assisted  with  the  water  tests.  The  entire  study  was 
completed  under  the  direction  of  Fred  W.  Blaisdell,  research  leader  and  technical 
advisor  for  structures  for  water  control  and  measurement. 
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Hydraulics  of  Closed  Conduit  Spillways 

Part  XVI: 

Elbows  and  Transitions  for  the  Two-Way  Drop  Inlet 

Clayton  L.  Anderson1 2 3 


INTRODUCTION 


The  possibility  of  cavitation  damage  occur- 
ring in  tali  closed  conduit  spillways  has  been 
recognized  for  many  years.  For  drop  inlet  spill- 
way entrances,  a likely  place  for  cavitation 
damage  to  occur  is  in  the  barrel  just  down- 
stream from  the  drop  inlet.  The  objective  of  this 
study  is  to  develop  and  evaluate  a cavitation- 
free  elbow  between  the  drop  inlet  and  a transi- 
tion, and  a cavitation-free  transition  between 
the  square  cross  section  at  the  elbow  exit  and  a 
circular  barrel. 

For  short  drop  inlets  the  barrel  entrance  is 
frequently  square-edged  because  it  is  the  most 
economical  to  use,  the  greater  entrance  energy 
loss  can  be  readily  tolerated,  and  the  velocities 
are  low  so  cavitation  will  not  occur.  However, 
for  sufficiently  tall  drop  inlets,  cavitation 
damage  can  be  anticipated  if  the  simple  square- 
edged  barrel  entrance  is  used.  Thus,  for  tall 
drop  inlets  there  is  need  for  a barrel  entrance 
that  will  reduce  the  possibility  of  cavitation  and 


the  subsequent  damage  to  the  conduit  caused 
by  the  collapse  of  the  cavitation  bubbles  on  the 
conduit  wall. 

The  two-way  drop  inlet  reported  in  Part  XII2  3 
is  widely  used  by  the  Soil  Conservation  Service 
(SCS)  in  its  watershed  protection  and  flood 
prevention,  resource  conservation  and  develop- 
ment, and  other  water  resource  programs.  Many 
of  these  two-way  drop  inlets  are  so  tall  that 
cavitation  damage  is  possible  if  the  square- 
edged  barrel  entrance  presented  in  Part  XII  is 
used.  The  study  reported  herein  is  a result  of 
the  need  for  cavitation-free  or  low  cavitation 
potential  barrel  entrances  for  the  two-way  drop 
inlet. 

As  a result  of  this  study,  two  elbow  shapes, 
elbows  3 and  6,  and  two  transition  shapes,  tran- 
sitions A and  F,  all  described  in  the  section 
ELBOWS  AND  TRANSITIONS  TESTED,  are 
recommended. 


PREVIOUS  WORK 


An  elbow  and  transition  for  a two-way  drop  in- 
let was  tested  for  the  SCS  at  Swarthmore  Col- 


1  Hydraulic  engineer,  St.  Anthony  Falls  Hydraulic 
Laboratory,  Agricultural  Research,  Science  and  Education 
Administration,  U.S.  Department  of  Agriculture,  Third  Ave. 
SE  at  Mississippi  River,  Minneapolis,  Minn.  55414. 

2 The  Roman  numerals  in  references  to  equations, 
figures,  and  parts  refer  to  a particular  part  of  this  report 
series  cited  in  the  Preface. 

3 The  two-way  drop  inlet  reported  in  Part  XII  has  a flat  bot- 
tom and  is  used  by  SCS  for  square  and  rectangular  barrels. 
When  the  barrel  is  circular,  SCS  uses  a horizontal 
semicylinder  of  D/2  radius  as  the  bottom  of  the  drop  inlet. 

Results  of  tests  on  the  semicylindrical  bottom  drop  inlet 
will  be  reported  in  Part  XVII. 


lege,4  Swarthmore,  Pa.  The  Swarthmore  study 
was  conducted  on  a 1/15  scale  model  of  the 
drop  inlet  shown  in  figure  XVI-1.  A transition 
section  was  required  to  transform  the  2 ft 
(0.61  m)  wide  by  4 ft  (1 .22  m)  high  (1 D x 2D)  (D 
= barrel  diameter)  rectangular  cross  section 
B-B  to  the  2 ft  (0.61  m)  (ID)  diameter  circular 
cross  section  A-A  of  the  conduit.  The  corners  of 


"Willis,  M.  J.  and  Newlin,  C.  W.  Report  on  Hydraulic 
Testing  of  Scale  Model  of  Drop  Spillway  for  Grave  Creek 
Project,  Civil  Engineering  Department,  Swarthmore  Col- 
lege, Swarthmore,  Pa.  1958. 
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the  transition  section  were  quarter  conical  sur- 
faces. The  sidewalls,  top,  and  bottom  of  the 
transition  were  plane  triangular  surfaces. 


The  Swarthmore  elbow  and  transition  was 
also  tested  at  the  U.S.  Army  Engineer  Water- 
ways Experiment  Station.5 


ELBOWS  AND  TRANSITIONS  TESTED 


Six  elbows  (Nos.  1 through  6)  and  seven  tran- 
sitions (A  through  G)  were  tested.  Before  de- 
scribing the  elbows  and  transitions,  the  primary 
considerations  involved  in  their  selection  will 
be  explained. 

Practical  Considerations 

Because  the  Swarthmore  elbow  and  transi- 
tion were  difficult  to  form,  SCS  Engineering  Di- 


vision engineers  suggested  that  the  steeply 
sloping  top  of  the  transition  be  flattened  to  be 
an  extension  of  the  barrel  slope.  This  requires 


‘Grace,  Jr.,  J.  L.  Outlet  Works  for  Branched  Oak  and 
Cottonwood  Springs  Dams,  Oak  Creek,  Nebr.,  and  Cotton- 
wood Springs  Creek,  S.D.,  U.S.  Army  Engineer  Waterways 
Experiment  Station,  Vicksburg,  Miss.,  Technical  Report 
H-72-1,  January  1972.  30  pp. 


2 


TABLE  XVI-1  .—Elbows  tested 


Elbow 

Shape 

Curvature 

Barrel 

slope 

Length 

Height 

1 

Ellipse 

3 D/2  x D/2 

0.000 

1.50D 

0.50D 

2 

Ellipse 

5 D/4  x 3D/4 

.000 

1.25D 

.75D 

3 

Ellipse 

2D  x D 

.000 

2.00D 

1.00D 

4 

Free  streamline 

equations  XVI-1 

.025 

2.35D 

.86D 

5 

Double  circle 

45°  @ r=  D/2,  45°  @ r=D 

.000 

.85D 

.65D 

6 

Double  circle 

45°  @ r = D/2,  45°  @ r = 3D/2 

.000 

1.21D 

.79D 

that  the  downstream  end  of  the  elbow  be  tan- 
gent to  the  barrel  crown.  The  upstream  end  of 
the  elbow  is  tangent  to  the  downstream  end- 
wall  of  the  drop  inlet.  For  simplicity  of  con- 
struction, the  elbow  should  be  a surface  of 
single  curvature.  The  SCS  engineers  also  sug- 
gested that,  for  barrel  velocities  less  than  30 
ft/s  (9.1  m/s),  the  elbow  be  composed  of  circular 
segments  of  D/2  radius  for  45°  and  D radius  for 
the  remainder  of  the  elbow.  This  is  elbow  5 (see 
table  XVI-1,  above).  For  barrel  velocities  ex- 
ceeding 30  ft/s  (9.1  m/s),  an  elliptical  elbow 
developed  by  the  U.S.  Army  Corps  of  Engineers 
was  suggested.  This  is  elbow  1.  For  the  tran- 
sition, SCS  engineers  suggested  triangular 
planes  and  quarter  conical  surfaces.  This  is 
transition  A (see  table  XVI-2,  page  4). 

If  the  barrel  is  circular,  current  SCS  practice 
is  to  make  the  bottom  of  the  drop  inlet  a hori- 
zontal semicylinder  of  radius  D/2.  Extension  of 
the  semicylindrical  invert  through  the  elbow 
and  transition  means  that  only  the  upper  half  of 
the  conduit  must  be  transformed  from  semirec- 
tangular  at  the  elbow  exit  to  semicircular  at  the 
barrel  entrance.  If  the  barrel  cross  section  is 
rectangular,  the  bottom  of  the  drop  inlet  is  flat, 
the  cross  section  in  the  elbow  is  rectangular, 
and  no  transition  is  required.  These  are  the  in- 
vert shapes  for  the  circular  and  square  barrel 
shapes  used  in  this  study.  The  crown  shapes 
were  varied  as  described  in  the  following  sec- 
tions. 

Elbows 

The  six  elbows  tested  are  listed  in  table 
XVI-1. 


8 Murphy,  T.  E.  Investigation  of  Entrances  Flared  in 
Three  Directions  and  In  One  Direction,  U.S.  Army  Engineer 
Waterways  Experiment  Station,  Vicksburg,  Miss.,  Technical 
Memorandum  No.  2-428,  Report  2,  June  1959,  13  pp.,  15 
tables,  21  plates. 


Elbow  1 is  conduit  entrance  shape  D tested 
and  suggested  by  the  Corps  of  Engineers.6  It 
has  more  cavitation  potential  than  elliptical 
shape  C (2D  x 2D/3)  and  compound  elliptical 
shape  H— the  best  of  the  entrances  tested  by 
the  Waterways  Experiment  Station. 

The  elbow  2 shape  was  selected  as  the  best 
of  the  sluice  gate  lip  profiles  studied  by 
Mueller.7 

Elbow  3 has  less  curvature  than  elbows  1 and 
2.  This  elbow  shape  was  tested  because  the 
pressures  along  elbows  1 and  2 were  lower— 
and  therefore  exhibited  greater  cavitation 
potential— than  was  felt  desirable. 

Elbow  4 was  defined  by  the  free  streamline 
profile  obtained  from  the  potential  flow  devel- 
opment by  Michell.8 

The  free  streamline  is  considered  a desirable 
elbow  profile  because  pressure  is  constant 
along  the  free  streamline  and  the  tendency  for 
flow  separation  is  avoided.  However,  the  pres- 
sure may  not  be  constant  when  a fixed  bound- 
ary replaces  the  free  streamline.  Although  use 
of  this  profile  may  not  be  practical  because  of 
its  great  length,  the  results  obtained  with  the 
free  streamline  elbow  profile  provide  a basis  for 
comparison  with  the  other  profiles  tested. 

The  equations  for  the  free  streamline  profile, 
as  corrected  by  George  G.  Hebaus9  and 
modified  to  express  the  coordinates  in  terms  of 
the  pipe  diameter,  are: 


7 Rouse,  H.  Engineering  Hydraulics.  New  York,  John 
Wiley  & Sons,  Inc.,  1950,  p.  539. 

8 Michell,  J.  H.  On  the  Theory  of  Free  Streamlines. 
Philosophical  Transactions  of  the  Royal  Society  of  London, 
Series  A,  MDCCCXC,  Vol.  181,  pp.  389-432. 

9 Research  hydraulic  engineer,  St.  Anthony  Falls 
Hydraulic  Laboratory,  Agricultural  Research,  Science  and 
Education  Administration,  U.S.  Department  of  Agriculture, 
Third  Ave.  SE  at  Mississippi  River,  Minneapolis,  Minn. 
55414. 
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where  the  parameter  a is  a function  of  the  drop 
inlet  length  B, 


a = 


[ 


(B/D)2  - 1 T 
(B/D)2  + 1 J 


ana  $ is  the  obtuse  angle  between  the  horizon- 
tal and  the  tangent  to  the  free  streamline.  The 
limits  are  0<a<1,  7r/2<</><7r,  and  in  practice 
1 < B/D  < oo. 

The  shape  of  the  free  streamline  profile  was 
determined  and  constructed  for  a B/D  ratio  of  2. 
However,  this  profile  was  tested  with  various 
drop  inlet  lengths. 

The  origin  of  the  coordinates  is  in  the  down- 
stream face  of  the  drop  inlet  at  a distance  D 
above  the  bottom  of  the  drop  inlet.  The  profile 
approaches  the  horizontal  asymptotically  at 
x=  oo  so,  to  limit  the  elbow  length,  the  elbow 
profile  was  terminated  at  the  point  where  the 
profile  slope  was  2.5  percent.  A barrel  slope  of 
2.5  percent  was  used  for  all  tests  with  elbow  4. 

Elbow  5 was  that  proposed  by  SCS. 

Elbow  6 is  similar  to  elbow  5,  but  the  radius 
of  the  second  arc  was  increased  to  3D/2. 

The  rate  of  change  of  elbow  curvature  affects 
the  ability  of  the  flow  to  follow  the  elbow 


1/2 


(COS  0) 


(^ni 


(XVI-1) 


boundary.  The  elbow  profiles  are  compared  in 
figure  XVI-2. 


Transitions 

The  seven  transitions  tested  are  listed  in 
table  XVI-2  and  the  forms  of  the  transitions  are 
shown  in  figures  XVI-3  and  XVI-4. 

Transition  A has  the  form  and  dimensions 
suggested  by  SCS:  triangular  planes,  quarter 
cones,  and  a length  of  2D. 

Transition  B is  similarto  transition  A except 
that  its  length  is  ID. 

The  warped  transition  was  developed  from  an 
idea  originated  by  Hebaus.10  This  transition 
transformed  the  upper  half  of  the  elbow  exit 

10  See  footnote  9. 


TABLE  XVI-2  .—Transitions  tested 


Transition 

Length 

Corners 

A 

2D 

Conical,  figure  XVI-3 

B 

ID 

Conical,  figure  XVI-3 

C 

ID 

Warped,  figure  XVI-4  (a) 

D 

ID 

Warped,  figure  XVI-4  (b) 

E 

ID 

Warped,  figure  XVI-4  (c) 

F 

ID 

Warped,  figure  XVI-4  (d) 

G 

D/2 

Warped,  figure  XVI-4  (e) 

Length, D 


0 0.2  0.4  0.6  0.8  1.0  1.2  1.4  1.6  1,8  2.0  2.2  2.4 
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Figure  XVI-3.— Conical  transition  geometry. 


cross  section  with  various  forms  of  warped  sur- 
faces between  a plane,  horizontal  top  and  the 
cylindrical  portion  of  the  transition  section. 

Two  methods  of  defining  the  warped  sur- 
faces were  developed. 

For  the  first  method,  the  transition  section 
was  defined  by  cutting  the  top  half  of  the  barrel 


to  a given  profile,  as  viewed  from  the  side, 
beginning  at  D/2  above  the  invert  at  the  en- 
trance and  ending  at  the  crown  at  the  down- 
stream end  of  the  transition.  The  equations  for 
the  profiles  are  shown  in  figures  XVI-4(a)-(c). 
Successive  tangents  from  the  edge  of  the  cut, 
normal  to  the  barrel  axis,  to  the  horizontal  plane 
through  the  barrel  crown  formed  the  warped 
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Figure  XVI-4.— Warped  transition  geometries. 
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surfaces  and  defined  the  shape  of  the  plane 
top. 

The  formwork  required  to  field-cast  these 
geometries  was  considered  difficult  to  con- 
struct, so  an  attempt  was  made  to  simplify  the 
form  of  the  warped  surface. 

For  the  second  method,  the  transition  sec- 
tion was  defined  by  specifying  the  shape  of  the 
plane  top.  Transitions  F and  G are  similar  as 
shown  in  figures  XVI-4(d)  and  (e).  Transition  F is 
ID  long  and  transition  G is  D/2  long— the 
shortest  transition  tested.  The  top  of  the  transi- 
tion was  made  an  isosceles  triangle  with  a 
D-wide  base  at  the  elbow  exit  and  its  apex  at  the 
downstream  end  of  the  transition.  Successive 
lines  from  the  sides  of  the  triangular  top,  nor- 
mal to  the  barrel  axis  and  tangent  to  the  barrel 


Evaluation  of  the  elbow  and  transition  geom- 
etries was  conducted  using  both  water  and 
air  as  the  test  fluids.  To  expedite  the  evaluation 
of  the  elbows  and  transitions,  all  the  proposed 
forms  were  first  tested  using  air.  (For  an  ex- 
planation of  testing  with  air  and  its  advantages 
see  Part  XI.  A disadvantage  of  testing  with  air  is 
that  only  full  conduit  flow  conditions  can  be 
evaluated.)  From  an  analysis  of  the  air  test 
results,  the  superior  elbow  and  transition 
designs  were  selected  for  further  tests  using 
water.  Selected  for  further  tests  were  elbows  3 
and  6 and  transitions  A and  F. 

Testing  with  water  permitted  the  evaluation 
of  the  hydraulic  performance  of  the  two-way 
drop  inlet  with  the  selected  elbows  and  transi- 
tions over  the  entire  range  of  flows.  (For  an  ex- 
planation of  tests  with  water  see  Part  X.) 

The  above  tests  were  made  using  a circular 
barrel  and  semicylindrical  drop  inlet,  elbow, 
and  transition  inverts.  A second  phase  of  the 
water  tests  was  conducted  using  a square  bar- 
rel. For  this  phase  of  the  test  program  the  invert 
cross  section  of  the  drop  inlets  and  elbows 
were  semisquare.  This  resulted  in  a square 
cross  section  at  the  elbow  exit,  so  a transition 
between  the  elbow  and  the  barrel  was  not 
necessary.  Corresponding  air  tests  were  not 
made. 

Elbow  and  Transition 
Combinations  Tested 

The  elbow  and  transition  combinations 


circumference,  formed  the  warped  surfaces. 
The  length  of  each  tangent  is  equal  to  the  half- 
width of  the  triangular  top  at  the  point  from 
which  it  is  dropped,  so  the  geometry  of  this 
warped  transition  is  easier  to  define  and  con- 
struct than  that  of  the  original  warped  section. 

For  the  conical  transition,  there  is  an  abrupt 
adverse  angle  between  the  downstream  end  of 
the  cone  and  the  barrel  that  may  cause  flow 
separation  and  a low  pressure  region  where 
cavitation  may  occur.  For  the  warped  transition, 
all  changes  in  the  wall  alignment  are  gradual 
curves  and  the  tendency  for  flow  separation 
from  the  wall  is  thereby  reduced.  For  these 
reasons,  the  form  of  the  warped  transition  is 
hydraulically  superior  to  that  of  the  conical 
transition. 

. PROGRAM 

tested  are  listed  in  table  XVI-3.  To  evaluate  the 
various  elbows,  each  elbow  was  tested  with 
transition  A.  Similarly,  to  evaluate  the  transi- 
tions, each  transition  was  tested  with  elbow  3. 
In  addition,  transition  F was  evaluated  with 
elbows  4 and  6.  Since  each  elbow-transition 
combination  was  tested  with  four  lengths  of 
drop  inlet,  the  air  tests  comprised  56  combina- 
tions of  drop  inlet  length,  elbow  shape,  and 
transition  form. 

Twenty-four  series  of  tests  were  made  using 
water.  For  the  circular  barrel,  both  elbows  3 and 
6 were  tested  with  transitions  A and  F and  the 
four  drop  inlet  lengths.  For  the  square  barrel, 
the  four  drop  inlet  lengths  were  tested  with 
elbows  3 and  6. 

In  all,  80  combinations  and  88  series  are  sum- 
marized in  table  XVI-3,  triplicate  tests  having 
been  made  of  the  elbow  3-transition  F combina- 
tion. 


TABLE  XVI-3  .-Elbow-transition  combinations 
tested' 


Fluid 

Air 

Water 

Barrel 

Circular 

Square 

Elbow 

Transition 

1 

A 

2 

A - 

3 

A B 

C D E F 

G 

A 

F 

None 

5 

A — 

6 

A — 

— — — F 

— 

A 

F 

None 

' Each  combination  was  tested  with  drop  inlets  1.5D, 
2D,  3D,  and  5D  long. 
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Figure  XVI-5.— Two-way  drop  inlet  with  semicylindrical  invert  and  elbow-transition  barrel  entrance. 


Discharge 

For  the  air  tests,  seven  different  discharges 
were  used,  the  maximum  being  limited  by  the 
test  apparatus.  For  the  water  tests,  the  dis- 
charge was  varied  from  a low  weir  flow  to  the 
maximum  permitted  by  the  test  apparatus. 

Drop  Inlets 

The  drop  inlets  used  for  the  tests  are 
shown  in  figure  XVI-5.  The  cross  section  di- 
mensions were  identical  for  each  of  the  four 
drop  inlets  built  with  different  lengths.  The  di- 
mensions used  were  taken  from  drawing 
ES-150  “Drop  Inlet  Spillways.  Standard  for 
Covered  Top  Risers.”11  However,  no  trashrack 
was  used. 

Conduit  Slope 

As  shown  in  table  XVI-1,  except  for  elbow  4 
the  conduit  slope  was  zero— the  same  as  that 
of  the  inverts  of  the  drop  inlet,  elbow,  and  tran- 
sition. Table  XVI-1  shows  that  the  slope  used 
with  elbow  4 is  0.025.  This  slope  began  at  the 
drop  inlet  exit  and  continued  through  the 
elbow,  transition,  and  barrel. 

The  Models 

A typical  air  model  is  shown  in  figure  XVI-6. 
The  dimensions  are  given  in  figure  XVI-5  and 
tables  XVI-1  and  XVI-2.  A longer-than-needed 


" Young,  G.  Preparation  of  National  Standard  Detail 
Drawings  for  Pipe  Drop  Inlet  Principal  Spillways,  U.S.  De- 
partment of  Agriculture,  Soil  Conservation  Service,  Wash- 
ington, D.C.,  Engineering  Memorandum  SCS-50,  May  16, 
1963,  2 pp.,  7 illus. 


drop  inlet  was  available  from  earlier  tests.  The 
drop  inlet  lengths  for  the  current  tests  were  ob- 
tained by  installing  intermediate  upstream  end- 
walls.  As  can  be  seen  in  figure  XVI-6,  the  down- 
stream endwall  and  the  elbows  were  installed 
at  the  downstream  end  of  the  over-long  drop 
inlet.  A removable,  semicylindrical  invert  was 
used  for  the  drop  inlet  and  elbow.  Each  transi- 
tion was  attached  to  the  elbow  exit.  A 2D-length 
of  barrel  was  made  a part  of  each  transition. 
Figure  XVI-6  also  shows  the  numerous  pie- 
zometers used  to  monitor  the  pressures 
throughout  the  spillway  entrance. 

A typical  water  model  is  shown  in  figure 
XVI-7.  The  dimensions  are  given  in  figure  XVI-5 
and  tables  XVI-1  and  XVI-2.  A similar  drop  inlet 
was  built  for  each  drop  inlet  length.  Two  drop 
inlet  inverts  were  provided  for  each  drop  inlet 
length.  Shown  is  a semicylindrical  invert.  The 
other  invert  was  a semisquare  box. 

Each  elbow  section  was  constructed  in  two 
parts  as  shown  typically  in  figure  XVI-8.  Semi- 
cylindrical and  semisquare  box  inverts  were 
made  for  each  elbow  so  the  same  elbow  could 
be  tested  for  both  circular  and  square  barrels. 
Each  elbow  crown  section  was  fitted  to  the 
semicylindrical  and  semisquare  box  inverts  and 
each  assembly  fitted  to  each  length  of  drop  in- 
let. 

Transitions  were  required  only  for  circular 
barrels,  so  each  transition  was  made  as  a com- 
plete unit  and  fitted  to  each  elbow  tested.  A 2D 
length  of  barrel  was  made  a part  of  each  transi- 
tion. Typical  transitions  are  shown  in  figure 
XVI-9. 
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Figure  XVI-6.— Typical  two-way  drop  inlet  with  elbow  1 and  transition  A used  for 

air  tests. 


Figure  XVI-7.— Two-way  drop  inlet  3D  long  with  double  circle  elbow  6 and  conical 
transition  A used  for  water  tests. 


The  transparent  thermoplastic  for  the  elbows  After  cooling,  the  elbows  and  transitions  were 
and  transitions  was  heated  and  shaped  on  care-  kept  on  the  forms  during  machining  so  they 

fully  machined  renwood  (artificial  wood)  forms.  would  retain  their  shape  until  assembled. 

TEST  APPARATUS  AND  TEST  PROCEDURE 

Air  Tests  been  described  in  Part  XI.  The  barrel  diameter  D 

The  air  apparatus  and  test  procedure  have  was  3 in  (7.62  cm). 
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Figure  XVI-8.— The  elbow  section.  (A)  Double  circle  elbow  6 with  semicylindrical  invert.  (B)  Elliptical  elbow  3 with  semi- 
square box  invert. 


Water  Tests 

Elbows  3 and  6 and  transitions  A and  F were 
tested  with  water  using  the  apparatus  and  pro- 
cedures described  in  Part  X.  Both  2.25  in 
(5.72  cm)  circular  and  2.25  in  (5.72  cm)  square 
conduits  were  used.  The  drop  inlets,  elbows, 
and  transitions  were  geometrically  similar  to 
their  corresponding  air  models.  Pressures  were 
measured  at  fewer— but  similar— locations. 

Because  the  conduits  had  zero  slope,  the 
head  available  was  insufficient  to  obtain 
Reynolds  numbers  comparable  to  those  of  the 
air  tests.  To  verify  the  effect  of  Reynolds 
number  on  the  pressure  characteristics  of  the 
elbows  and  transitions,  the  same  range  of 
Reynolds  numbers  had  to  be  used  in  the  water 
model  as  had  been  used  in  the  air  model.  To  in- 
crease the  Reynolds  numbers,  the  available 
head  was  increased  by  means  of  a controlled 
flow  return  line  between  the  conduit  exit  and 


the  water  storage  reservoir.  Adjustment  of  a 
control  valve  in  the  return  line  simulated  slop- 
ing the  barrel  to  change  the  effective  head  on 
the  spillway. 

The  piezometers  at  the  locations  of  minimum 
average  pressures  on  each  elbow  and  transition 
were  equipped  with  a mounting  for  a strain- 
gage  type  piezoelectric  cell.  These  mountings 
are  evident  in  figures  XVI-7,  XVI-8,  and  XVI-9. 
Pressure  cells  with  a range  of  ±2.5  lb/in2 
(±17.2  kn/m2)  were  used  to  monitor  the  in- 
stantaneous pressure  fluctuations  at  these  lo- 
cations. 

After  installing  each  cell,  the  pressure  cham- 
ber was  carefully  cleared  of  air,  the  output 
signal  was  calibrated  with  a known  pressure 
change,  and  the  recording  system  was  zeroed 
and  referenced  to  a known  water  surface  eleva- 
tion. A direct-writing  oscillograph  recorded  the 
fluctuation  data  on  temperature-sensitive 
paper. 


ANALYTICAL  METHODS 


Although  some  variations  and  additions  were  same  as  those  described  in  Parts  XI  and  X for 
made,  the  analytical  methods  used  were  the  the  air  and  water  tests,  respectively. 
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Figure  XVI-9.— Transitions  from  semicylindrical  inverts  and  semisquare 
crowns  at  elbow  exit  to  circular  barrel.  (A)  Conical  transition  A with 
double  circle  elbow  6.  (B)  Warped  transition  F with  elliptical  elbow  3. 


The  pressure  fluctuation  data  was  analyzed 
manually.  The  average  pressure  at  each  pres- 
sure cell  location  was  determined  from  the 
record  trace  for  each  run  and  compared  with 
the  average  piezometric  pressures  at  the  same 


locations.  The  charts  were  scanned  to  deter- 
mine the  average  maximum  fluctuations  from 
the  average  pressures,  particularly  the  negative 
fluctuations  which  most  directly  indicate  the 
cavitation  potential. 


TEST  RESULTS 


The  six  elbow  and  seven  transition  designs 
were  tested  to  find  the  form  and  proportions  of 
practical  and  hydraulically  efficient  elbows  and 
transitions  between  the  two-way  drop  inlet  and 
the  circular  closed  conduit  spillway  barrel. 
These  designs  were  first  tested  with  air  to  de- 
termine the  pressure  coefficients,  the  pressure 
gradients  along  each  of  the  sections,  and  the 
energy  loss  coefficients  for  various  entrance 
geometries.  In  this  preliminary  investigation, 
elbows  3 and  6 and  transitions  A and  F perform- 
ed satisfactorily. 


Subsequent  tests  were  made  with  elbows  3 
and  6 and  transitions  A and  F using  water.  The 
subsequent  tests  were  made  to  check  the  hy- 
draulic performance  of  the  two-way  drop  inlet 
with  these  elbows  and  transitions,  and  to 
measure  pressures  and  pressure  fluctuations  at 
points  of  minimum  average  pressure. 

Elbows  3 and  6 were  also  evaluated  as  the 
junction  between  the  two-way  drop  inlet  with  a 
flat  bottom  and  a square  barrel  closed  conduit 
spillway. 
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The  pressures  and  the  energy  losses  will  be 
considered  in  separate  sections. 

Pressures 

Each  elbow  and  transition  was  evaluated  on 
the  basis  of  the  pressures  and  the  pressure 
gradient  along  the  elbow,  the  transition,  and  in 
the  barrel  near  its  entrance.  This  report  section 
will  present  the  results  of  the  investigations 
of  the  average  and  instantaneous  pressures 
throughout  the  barrel  entrance  region  for  each 
geometry  tested. 

Instantaneous  pressures  are  important  be- 
cause turbulence  causes  fluctuations  of  the 
pressure  above  and  below  the  average  pres- 
sure. The  negative  pressure  fluctuations  in- 
crease the  cavitation  potential  by  momentarily 
lowering  the  pressure.  If  the  pressure  at  a point 
is  reduced  to  the  vapor  pressure,  cavitation  can 
be  initiated  even  though  the  average  pressure 
at  the  point  is  above  the  cavitation  level.  Pro- 
longed intermittent  occurrences  of  cavitation 
may  eventually  cause  structural  damage  if  the 
phenomena  is  concentrated  at  a location. 
Therefore,  during  the  water  tests,  information 
was  obtained  to  evaluate  the  cavitation  po- 
tential by  monitoring  the  pressure  fluctuations 
at  the  locations  of  minimum  average  pressure 
coefficients  for  elbows  3 and  6 and  transitions 
A and  F. 

The  pressures  were  analyzed  in  terms  of  a 
pressure  coefficient.  The  pressure  coefficient 
for  any  point  n is  defined  as  where  hn  is 
the  difference  between  the  hydraulic  gradeline 
and  the  projected  barrel  friction  gradeline  at  n 
and  hvp  is  the  velocity  head  in  the  barrel.  The 
barrel  friction  gradeline  was  determined  by 
using  the  least  squares  method. 

The  combinations  of  drop  inlet  lengths,  el- 
bows, and  transitions  tested  are  given  in  table 
XVI-3. 

Effect  of  discharge 

For  each  elbow-transition  combination, 
seven  different  air  discharges  were  used  to  ob- 
tain a range  of  the  Reynolds  number.  For  each 
discharge  the  pressures  in  the  elbow,  transi- 
tion, and  barrel  entrance  region  and  the  barrel 
itself  were  expressed  as  pressure  coefficients, 
h„/h¥p.  The  computer  output  from  series  B-113 
shown  in  table  XVI-4  is  typical.  Each  column 
gives  the  results  for  one  discharge— and  Rey- 
nolds number  R = VPD lv.  The  pressure  coeffi- 


cients for  each  piezometer  location  for  each  run 
are  listed  across  the  table  for  easy  comparison. 

Looking  across  the  table  along  the  lines  num- 
bered 1 to  72  in  the  left  column,  the  pressure 
coefficients  for  each  of  the  72  piezometer  loca- 
tions are  seen  to  be  the  same  within  the  ex- 
perimental precision  achieved.  The  average  of 
the  coefficients  at  each  location  is  given  in  the 
right  column.  This  observation  means  that  the 
deviation  of  the  hydraulic  gradeline  from  the 
projected  barrel  friction  gradeline  is  directly 
proportional  to  the  barrel  velocity  head,  so  the 
ratio  hn/hvp  is  a constant  for  each  location  in  the 
spillway  for  any  given  geometry.  The  water 
tests  gave  the  same  results.  As  a result  all 
pressure  coefficients  used  in  the  subsequent 
analyses  are  the  average  for  each  spillway 
geometry  of  all  the  coefficients  obtained  at 
each  piezometer  location. 

Pressure  coefficients 

The  average  pressure  coefficients  from  all 
the  tests  will  be  presented  before  discussing 
the  effects  of  the  spillway  geometry  on  the 
pressures.  The  pressure  coefficients  obtained 
during  both  air  and  water  tests  are  shown  for 
the  3D-long  drop  inlet,  elbow  3,  and  transition  A 
in  figure  XVI-10.  The  coefficients  are  given  in 
their  respective  vertical  and  longitudinal  loca- 
tions on  this  side  view  of  the  spillway  entrance 
region,  but  the  pressures  were  measured  on  the 
periphery  as  illustrated  in  figure  XVI-6.  The  two 
locations  along  the  crown  of  the  transition  with 
two  values  indicate  that  there  were  two  pie- 
zometers on  the  plane  top  at  the  same  section. 

Eighty  figures  would  be  required  to  present 
the  results  as  in  figure  XVI-10  for  all  the  com- 
binations listed  in  table  XVI-3.  Therefore,  only 
the  coefficients  along  the  centerline  of  the 
crown  and  the  invert— plus  any  other  coeffi- 
cients indicative  of  low  pressures— will  be 
given.  The  test  results  for  each  elbow-transition 
combination  and  all  four  drop  inlet  lengths  will 
be  given  on  individual  plots. 

The  pressure  coefficients  for  elbows  1 
through  6 tested  with  transition  A are  used  to 
compare  the  characteristics  of  the  elbows.  The 
results  are  shown  in  figure  XVI-11.  The  data  for 
transitions  B through  G with  elbow  3 shown  in 
figure  XVI-12  plus  that  for  transition  A with 
elbow  3 in  figure  XVI-1 1 (c)  are  used  to  compare 
and  evaluate  the  transitions.  The  results  for  two 
other  combinations,  elbows  4 and  6 with  transi- 
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Figure  XVI-10.— Average  pressure  coefficients  for  elbow  3-transition  A combination. 
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tion  F,  are  shown  in  figure  XVI-13.  The  pressure 
coefficients  for  elbows  3 and  6 with  the  square 
conduit  are  presented  in  figure  XVI-14. 

The  piezometer  locations  are  measured  from 
the  upstream  end  of  the  elbow  section  in 
dimensionless  form  as  x/D  where  x is  the 
horizontal  distance  from  the  elbow  entrance  to 
the  piezometer.  In  the  discussion  of  the  transi- 
tion pressures,  the  location  of  the  pressure 
coefficients  will  be  referenced  to  the  upstream 
end  of  the  transition. 

A common  symbol  definition  was  adopted  for 
figures  XVI-11  through  XVI-14.  The  pressure  co- 
efficients along  the  crown  and  the  invert  for  the 
air  tests  are  represented  by  open  and  closed 
symbols,  respectively.  The  half-closed  symbols 
represent  pressure  coefficients  along  the 
crown  for  the  water  tests.  Slashed  symbols 
represent  minimum  average  pressure  coeffi- 
cients at  specified  locations. 

The  solid  symbols  show  that  the  invert  pres- 
sure coefficients  along  the  elbows  and  transi- 
tions are  always  above  the  friction  gradeline 
and  equal  to  or  greater  than  the  crown  coeffi- 
cients. Because  the  lower  crown  pressures 
present  the  greater  potential  for  pressure  prob- 
lems, the  crown  pressures  were  used  for  all 
analyses. 


Effect  of  drop  inlet  length 

The  plots  of  hn/hyp  along  each  of  the  elbows 
presented  in  figure  XVI-11  illustrate  the  varia- 
tion of  the  pressure  coefficient  at  each  piezom- 
eter location  as  the  drop  inlet  length  increases 
from  1.5D  to  5D.  The  variation  in  h„/hvp  caused 
by  the  change  in  drop  inlet  length  is  large  near 
the  upstream  end  of  the  elbows  but  diminishes 
with  distance  into  the  entrance  for  all  geome- 
tries. 

For  x/D  < 1/3  the  elbow  crown  pressure  coef- 
ficients increase  with  the  drop  inlet  length.  At 
x/D  = 1/3  the  pressure  coefficients  for  each 
elbow  approach  a common  value  for  all  four 
drop  inlet  lengths. 

For  x/D  > 1/3,  the  effect  of  drop  inlet  length 
reverses  and  the  coefficients  at  each  of  the 
piezometer  locations  decrease  as  the  drop  inlet 
length  increases  from  1 .5D  to  5D. 

The  average  crown  pressure  coefficients 
along  each  of  the  transitions  A through  G-elbow 
3 combinations  are  plotted  in  figures  XVI-1 1 (c) 
and  XVI-1 2.  These  plots  show  that  the  pressure 
coefficients  throughout  all  the  transitions  are 
consistently  higher  with  the  shorter  drop  inlets 
than  with  the  longer  ones  by  0.1  velocity  heads 
or  less. 
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Table  XVI-4 .—Typical  computer  printout  for  air  tests 

agricultural  research  service 

AIR-HOPECTEST  RgSULT-9 
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Figure  XVI-11.— Pressure  coefficients  along  elbows  1 through  6,  transition  A,  and  circular  barrel  entrance. 


The  crown  pressure  coefficients  along  el- 
bows 3 and  6 with  a flat  invert  and  the  square 
barrel  are  shown  in  figure  XVI-14.  The  effects  of 
drop  inlet  length  on  the  pressure  coefficients 
are  similar  to  those  for  the  elbows  with  semicy- 


lindrical  inverts. 

The  variation  of  the  effect  of  the  drop  inlet 
length  on  the  pressure  coefficients  along  the 
elbow  sections  may  be  explained  as  follows:  As 
the  drop  inlet  length  is  reduced,  the  velocity  in 
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Figure  XVI-1 1 .—Continued. 
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Figure  XVI-1 1.— Continued. 


the  drop  inlet  increases  for  a given  discharge 
and  the  change  in  flow  direction  at  the  elbow 
becomes  more  abrupt.  This  increases  the  ten- 
dency for  flow  separation  from  the  upstream 
part  of  the  elbow,  causes  the  decrease  in  hn/hvp 


at  the  elbow  entrance  as  the  drop  inlet 
shortens,  and  directs  the  flow  jet  toward  the  in- 
vert. The  flow  jet  is  then  reflected  from  the 
invert  back  toward  the  crown.  The  shorter  the 
drop  inlet  the  stronger  the  reflection,  which  ex- 
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Figure  XVI-12.— Pressure  coefficients  along  transitions  B through  G,  elbow  3,  and  circular  barrel  entrance. 
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Figure  XVI-12.— Continued. 


plains  the  reversal  of  the  effect  of  the  drop  inlet 
length  on  h„/hvp  downstream  of  x/D  = 1/3. 

Performance  criteria 

The  pressure  coefficients  are  used  to 


evaluate  and  to  compare  the  performances  of 
the  elbows  and  transitions.  To  reduce  the  likeli- 
hood of  cavitation,  a high  minimum  pressure 
coefficient  is  desirable. 
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Figure  XVI-12.— Continued. 
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(a)  Elbow  4 , Transition  F 


(b)  Elbow  6, Transition  F 

Figure  XVI-13. — Pressure  coefficients  along  elbows  4 and  6,  transition  F,  and  circular  barrel  entrance. 


Because  the  flow  area  decreases  along  the 
elbows  and  transitions,  there  is  an  accompany- 
ing increase  in  velocity  and  a decrease  in  pres- 
sure. A smooth  curve  of  steadily  decreasing 
pressures— a “favorable”  pressure  gradient— 
indicates  a good  form. 


When  the  pressure  increases  with  distance 
along  the  elbows  and  transitions,  the  pressure 
gradient  is  “adverse.”  Although  some  adversity 
in  the  pressure  gradient  can  be  tolerated,  an 
adverse  pressure  gradient  is  usually  undesir- 
able. The  vapor  bubbles  formed  in  a region 
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where  the  pressure  is  the  vapor  pressure  will 
collapse  when  the  pressure  increases  suffici- 
ently in  a following  adverse  pressure  gradient. 
The  conduit  may  be  damaged  if  the  bubbles  col- 


lapse on  the  conduit  wall  rather  than  within  the 
fluid.  Furthermore,  an  adverse  pressure  gradi- 
ent is  an  indication  of  possible  separation  of 
the  flow  from  the  conduit  boundary  with  atten- 


23 


dant  turbulent  eddies  and  an  increase  in  energy 
losses. 

The  elbows  and  transitions  will  be  evaluated 
using  the  above  criteria. 


Elbow  Evaluation 


Free  streamline  elbow  4 


This  elbow  will  be  discussed  first  because 
the  free  streamline  elbow  presumably  repre- 
sents the  best  shape.  As  such,  the  pressures 
and  pressure  gradients  should  approximate  the 
ideal.  The  measured  differences  will  be  used  to 
show  how  far  the  pressures  and  pressure  gradi- 
ents for  this  elbow  differ  from  the  “ideal,”  and 
will  provide  a base  for  comparisons  with  other 
elbows.  Differences  between  the  assumption 
of  an  ideal  fluid  by  Michell12  in  his  derivation  of 
the  free  streamline  shape  and  the  real  fluid 
used  in  the  model  produced  other  than  ideal 
pressures  along  elbow  4.  These  differences  are: 


Michell's  Assumptions 
Two-dimensional  flow 

Frictionless  boundaries 


Incompressible  fluid 

Non-turbutent  flow 

Profile  computed 
for  B/D  = 2 

Pressure  and  velocity  are 
constant  along  the 
free  streamline  (elbow 
curvature) 


Model  Difference 
Base  of  drop  inlet  is 
semicylindrical 
Friction  on  boundaries, 
side  boundaries  only 
1 D apart 

No  significant  difference 
Strong  turbulence  in 
drop  inlet 
Profile  incorrect 
for  B/D  = 1.5, 3,  and  5 
Measured  pressures  are 
not  constant 


Because  the  free  streamline  is  D/2  or  more 
above  the  pipe  centerline  and  the  geometry 
above  the  centerline  is  two-dimensional,  the 
difference  from  two-dimensional  flow  is  prob- 
ably small.  Because  there  is  boundary  friction 
in  the  model,  the  model  differs  from  the  as- 
sumption. In  addition,  the  relatively  close 
spacing  of  the  side  boundaries  magnifies  the 
effect  of  boundary  friction.  An  important 
difference  may  be  the  highly  turbulent  flow  in 
the  model  drop  inlet.  And  of  course  a profile 
designed  for  B/D  = 2 cannot  be  expected  to  give 
correct  boundary  pressures  for  other  drop  inlet 
lengths.  Therefore,  the  pressures  along  the  free 
streamline  elbow  can  be  expected  to  differ  from 
the  constant  pressure  expected  if  all  of 
Michell’s  assumptions  had  been  met. 


'2  See  footnote  8. 


The  degree  to  which  the  differences  between 
the  model  and  the  assumptions  affected  the 
pressures  along  elbow  4 is  shown  in  figures 
XVI-11(d)  and  XVI-13(a).  There  is  an  adverse  (in- 
creasing) pressure  gradient  that  reaches  a 
maximum  at  x/D  = 0.19— close  to  the  elbow  en- 
trance. This  adverse  pressure  gradient,  which 
exists  even  for  the  long  3D-  and  5D-long  drop  in- 
lets, is  pronounced  for  the  2D-long  drop  inlet 
for  which  the  elbow  is  built  and  is  greatest  for 
the  short  1.5D-long  drop  inlet.  However,  all 
pressures  are  positive  with  respect  to  the  ex- 
tended barrel  friction  gradeline,  so  pressures 
that  might  cause  cavitation  damage  do  not 
exist.  Nevertheless,  the  tests  show  that  dif- 
ferences between  Michell’s  assumptions  and 
the  model  affect  the  pressures  and  indicate 
that  designing  an  elbow  for  a drop  inlet  length 
less  than  actually  exists  will  reduce  the  extent 
of  the  adverse  pressure  region. 

The  rapid  drop  in  pressures  near  the  elbow 
entrance  and  subsequent  increases  in  the 
pressure  indicates  that  the  rate  of  curvature 
near  the  entrance  is  too  great  and  that  at  least  a 
tendency  exists  for  separation  of  the  flow  from 
the  boundary.  The  great  effect  of  drop  inlet 
length  on  the  free  streamline  shape  is  shown  in 
figure  XVI-15.  These  curves  support  the  above 
statement  and  the  test  results  show  that  de- 
signing a free  streamline  elbow  for  a shorter 
drop  inlet  length  than  actually  exists  will 
decrease  the  adverse  pressure  region  and 
overcome  some  of  the  differences  between 
Michell’s  assumptions  and  the  elbow  modeled. 

The  pressure  gradient  for  the  free  streamline 
elbow  became  favorable  again  and  much  milder 
beyond  x/D  = 0.19  for  all  drop  inlet  lengths  and 
remained  so  for  the  elbow  4-transition  F com- 
bination as  shown  in  figure  XVI-13(a).  However, 
as  shown  in  figure  XVI-11(d)  for  the  elbow  4- 
transition  A combination,  the  pressure  gradient 
became  adverse  again  beyond  x/D  = 1.92.  This 
difference  may  be  caused  by  the  higher  en- 
trance pressure  for  transition  A than  for  transi- 
tion F. 

Although  the  pressure  characteristics  of  free 
streamline  elbow  4 are  less  than  ideal,  the 
results  indicate  that  this  profile  is  satisfactory 
if  its  long  length  is  acceptable. 

Elliptical  elbows  1,  2,  and  3 

Three  elliptical  profiles  were  tested  before 
obtaining  satisfactory  pressure  characteristics. 
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Horizontal  distance  from  beginning  of  elbow  curvature,  x/D 

Figure  XVI-15.— Free  streamline  elbow  profiles  compared  with  recommended  elliptical  elbow  3 and  double  circle  elbow  6. 


The  elliptical  elbow  proportions  are: 

Elbow  Minor  axis  Major  axis 

1 D/2  3D/2 

2 3D/4  5D/4 

3 D 2D 

See  figure  XVI-2  for  a comparison  of  the  elbow 
shapes. 

Elbow  1 has  a sharply  curved  entrance.  This 


caused  an  abrupt  reduction  of  the  pressure  just 
downstream  of  its  entrance  as  shown  in  figure 
XVI-11(a).  For  all  drop  inlet  lengths,  minimum 
pressures  occurred  at  x/D  = 0.036,  followed  by 
an  adverse  pressure  gradient  along  the  re- 
mainder of  the  elbow.  As  the  drop  inlet  length 
increased,  the  minimum  pressure  increased 
and  the  adversity  of  the  pressure  gradient 
decreased.  This  variation  is  caused  by  the 
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decreasing  tendency  for  flow  separation  at  the 
elbow  entrance  as  the  drop  inlet  becomes 
longer. 

The  elbow  1 profile  was  not  considered  satis- 
factory because  of  the  severe  adverse  pressure 
gradient  for  all  drop  inlet  lengths  and  the  low  or 
negative  pressure  coefficients  near  the  elbow 
entrance. 

Elbow  2 is  D/4  greater  in  height  and  D/4 
shorter  than  elbow  1;  figure  XVI-2  shows  that 
the  elbow  2 entrance  curvature  is  less  sharp 
than  the  elbow  1 curvature. 

As  shown  in  figure  XVI-1 1 (b),  the  reduction  of 
the  pressures  downstream  of  the  entrance  to 
elbow  2 is  less  than  is  shown  for  elbow  1 in 
figure  XVI-1 1(a).  Also,  the  pressure  coefficients 
for  elbow  2 are  always  positive.  Although  the 
pressure  gradients  remained  favorable  or  zero 
for  the  longer  drop  inlets,  for  the  1 .5D-long  drop 
inlet  the  pressure  reached  a relative  minimum 
at  x/D  = 0.09  followed  by  an  adverse  pressure 
gradient.  At  x/D  = 0.75  the  pressures  fell  to 
another  relative  minimum  and  the  pressure  gra- 
dient became  adverse  to  the  end  of  the  elbow 
for  all  drop  inlet  lengths. 

The  pressure  distribution  for  elbow  2 is  not 
satisfactory. 

Elbow  3 is  D/4  greater  in  height  and  3D/4 
greater  in  length  than  elbow  2.  Figure  XVI-2 
shows  that  elbow  3 has  the  least  curvature  and 
longest  length  of  the  elliptical  elbows  tested. 

As  shown  in  figure  XVI-1 1(c),  for  the  air  tests 
elbow  3 had  positive  pressure  coefficients  for 
all  inlet  lengths  and  favorable  gradients  for  all 
lengths  except  for  a minor  adversity  between 
x/D  = 0.17  and  0.35  for  the  1.5D-long  drop  inlet. 
The  water  test  results  show  slightly  lower  pres- 
sures for  all  drop  inlet  lengths  and  a slightly 
greater  adversity  for  the  1.5D-  and  2D-long  drop 
inlets. 

The  pressure  coefficients  for  elbow  3 when 
used  in  combination  with  transitions  B through 
G shown  in  figures  XVI-1 2(a)-(f)  are  close  to 
those  shown  in  figure  XVI-1 1(c).  This  means 
that  (1)  the  consistency  of  the  results  for  elbow 
3 is  good  and  (2)  the  transition  geometry  has  lit- 
tle effect  on  the  elbow  pressures. 

The  pressure  characteristics  of  elbow  3, 
shown  in  figures  XVI-1 1(c)  and  XVI-1 2,  are  better 
than  those  of  free  streamline  elbow  4,  shown  in 
figures  XVI-1 1(d)  and  XVI-13(a).  This  may  be 
because  the  elbow  3 profile  approaches  that  of 
the  free  streamline  profile  for  the  1.5D-long 


drop  inlet  shown  in  figure  XVI-15.  Therefore,  the 
elbow  3 profile  is  satisfactory  for  use  between 
drop  inlets  and  transitions  from  a semisquare- 
semicircular  section  to  a circular  section  con- 
duit. 

As  the  inlet  to  a square  barrel,  elbow  3 does 
not  perform  as  well  as  with  the  circular  barrel. 
As  shown  in  figure  XVI-14(a),  the  pressure  gra- 
dient is  adverse  between  x/D  = 0.17  and  0.60  for 
the  1.5D-  and  2D-long  drop  inlets,  and  again 
adverse  at  the  barrel  entrance  for  all  drop  inlet 
lengths.  Also,  for  all  drop  inlet  lenghts  the  pres- 
sure coefficients  approximate  zero  for  the 
downstream  one-third  of  the  elbow.  However, 
without  the  transition  the  entire  reduction  of 
flow  area  occurs  along  the  elbow  so  the  hydrau- 
lic gradeline  at  the  elbow  exit  is  lower  than  with 
a transition,  thereby  depressing  the  pressure 
coefficients  along  the  elbow. 

Double  circle  elbows  5 and  6 

The  double  circle  elbow  5,  comprised  of  two 
45-degree  arcs  of  radii  D/2  and  ID,  was  origi- 
nally proposed  by  the  SCS.  The  downstream  arc 
of  double  circle  elbow  6 was  increased  to  3D/2 
to  improve  the  elbow  performance. 

As  shown  in  figure  XVI-1 1(e),  the  pressures 
decreased  rapidly  downstream  of  the  entrance 
to  elbow  5.  There  is  an  adverse  gradient  be- 
tween x/D  = 0.12  and  0.34  for  the  1.5D-  and 
2D-long  drop  inlets.  At  x/D  = 0.5,  the  pressures 
decreased  to  a relative  minimum  close  to  zero. 
Beyond  x/D  = 0.5  there  is  a significant  adverse 
gradient  to  the  end  of  the  elbow  for  all  lengths 
of  drop  inlet. 

Because  the  pressure  distribution  for  elbow 
5 was  unsatisfactory,  the  radius  of  the  down- 
stream arc  was  increased  to  3D/2  to  form  dou- 
ble circle  elbow  6.  The  pressure  coefficients 
along  elbow  6 are  shown  in  figures  XVI-1 1(f)  and 
XVI-1 3(b).  Comparing  the  pressure  coefficients 
for  elbows  6 and  5 shows  that  along  the  up- 
stream arc  of  elbow  6 (x/D <0.1 5)  the  pressure 
coefficients  are  significantly  higher  than  those 
for  elbow  5.  This  is  because  the  elbow  entrance 
is  larger  and  the  velocity  and  velocity  head 
lower  because  of  the  increased  vertical  height 
of  the  elbow  6 downstream  arc.  However,  for 
the  1.5D-  and  2D-long  drop  inlets,  a relative 
minimum  pressure  occurs  at  x/D  = 0.07,  fol- 
lowed by  adverse  pressure  gradients  to 
x/D  = 0.31.  As  for  elbow  5,  the  pressures 
decreased  again  to  a relative  minimum  well 
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above  zero  at  xl D = 0.96,  beyond  which  there 
was  an  adverse  gradient  to  the  end  of  the  elbow 
for  all  lengths  of  drop  inlet.  The  water  test 
results  for  elbow  6,  as  for  elbow  3,  indicate 
slightly  lower  pressures. 

The  performance  of  elbow  6 when  used  with 
a transition  as  the  entrance  to  a circular  barrel 
is  probably  satisfactory  despite  the  adverse 
pressure  gradient  regions. 

Elbow  6 was  tested  with  a flat  invert  and  the 
square  barrel.  As  shown  in  figure  XVI-14(b),  the 
pressure  coefficients  are  significantly  reduced 
from  their  values  with  the  circular  barrel. 
Minimum  pressure  coefficients  down  to  -0.25 
and  severe  adverse  pressure  gradients  will  limit 
the  application  of  this  elbow  profile  when  the 
barrel  is  square. 

Conclusions 

Based  on  minimum  average  pressure  coeffi- 
cients and  pressure  gradients,  elliptical  elbow  3 
and  double  circle  elbow  6 are  the  best  shapes 
tested. 

With  a semicylindrical  invert,  2D-long  elbow  3 
consistently  maintained  the  highest  average 
pressure  coefficients  and  had  an  adverse  pres- 
sure gradient  only  with  the  1.5D-long  drop  inlet. 
1.21D-long  elbow  6 is  shorter  but  hydraulically 
less  satisfactory  than  elbow  3 because  of  its 
lower  pressure  coefficients  and  minor  to 
moderate  adverse  pressure  gradients,  but  it  is 
adequate.  Elbow  4 also  had  a desirable  pres- 
sure distribution  but  its  length  becomes  almost 
3D  when  the  profile  is  extended  to  the  one  per- 
cent barrel  slope  commonly  used  with  the  two- 
way  drop  inlet  spillway  for  which  this  type  of 
entrance  is  needed. 

With  a flat  invert  and  square  barrel,  elbows  3 
and  6 had  lower  minimum  pressures  and  more 
severe  adverse  pressure  gradients.  However,  no 
attempt  was  made  to  improve  the  performance 
of  these  elbows  because  the  flat  invert-square 
barrel  tests  were  made  only  to  evaluate  the 
elbow  shapes  developed  for  circular  barrels  and 
to  provide  some  criteria  for  use  with  a rec- 
tangular barrel. 

Transition  Evaluation 

The  minimum  pressure  in  a closed  conduit 
transition  generally  occurs  downstream  of  an 
adverse  change  in  boundary  alignment  (a  wall 
deviation  away  from  the  flow).  Such  a change  in 
the  boundary  may  be  located  some  place  other 


than  on  the  crown  of  the  transition.  Therefore, 
presented  in  addition  to  the  crown  and  invert 
pressure  coefficients  are  the  minimum  average 
pressure  coefficients  and  their  locations. 

Conical  transitions  A and  B 

The  pressure  coefficients  for  the  2D-long 
conical  transition  A-elbow  3 combination  are 
given  in  figure  XVI-1 1(c)  and  for  the  ID-long  con- 
ical transition  B-elbow  3 combination  in  figure 
XVI-12(a).  For  both  transitions  the  crown  pres- 
sure coefficients  and  gradients  are  similar  and 
satisfactory.  However,  the  minimum  pressures 
occur  in  the  barrel  45°  above  the  horizontal  and 
0.05D  downstream  from  the  end  of  the  transi- 
tion. For  the  2D-long  transition  A,  the  adverse 
angle  between  the  conical  surface  and  the  bar- 
rel wall  is  small  (5.9°),  the  minimum  coeffi- 
cients approach  zero  as  the  drop  inlet  length  in- 
creases, and  there  is  an  adverse  gradient  into 
the  barrel.  For  the  ID-long  transition  B the 
adverse  angle  at  the  junction  with  the  barrel  is 
greater  (11.7°),  the  pressure  coefficient  de- 
creased to  about  -0.2  (a  minimum  of  -0.25  for 
the  5D-long  drop  inlet),  and  there  is  a severe 
adverse  pressure  gradient  near  the  barrel  en- 
trance. 

As  shown  in  figures  XVI-1 1 (a)-(f),  similar 
pressure  coefficients  were  obtained  for  transi- 
tion A in  combination  with  each  of  the  six 
elbows.  This  indicates  that  the  elbow  has  little, 
if  any,  effect  on  the  transition  pressures. 

The  results  show  that  the  2D-long  conical 
transition  A is  satisfactory  but  that  the  ID-long 
conical  transition  B is  too  short. 

Warped  transitions 

The  warped  surfaces  in  the  upper  corners  of 
the  transitions  are  circumferentially  tangent  to 
the  barrel,  so  abrupt  changes  in  wall  alignment 
are  avoided.  However,  the  warped  surfaces 
bend  away  from  the  flow  (adverse  wall  curva- 
ture), causing  regions  of  locally  reduced  pres- 
sure in  the  transition. 

Warped  transitions  C,  D and  E are  ID  long, 
and  they  are  defined  by  cutting  various  profiles 
in  the  upper  half  of  the  pipe  as  viewed  from  the 
side  and  extending  successive  transverse 
tangents  from  the  profile  to  the  horizontal  plane 
through  the  crown  of  the  pipe.  The  transition 
shapes  are  illustrated  in  figures  XVI-4(a)-(c). 

The  pressure  coefficients  for  transitions  C,  D 
and  E are  plotted  in  figures  XVI-1 2(b)-(d).  The 
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crown  pressure  coefficients  were  measured 
0.35D  downstream  of  the  transition  entrance. 
When  compared  with  transition  C,  the  pressure 
coefficient  there  for  transition  D was  slightly 
higher  while  transition  E had  a lower  entrance 
pressure  coefficient.  The  pressure  coefficients 
near  the  exits  are  nearly  the  same  for  all  three 
transitions.  Located  as  described  in  figure 
XVI-12  legends,  the  minimum  pressure  coeffi- 
cients approached  zero  as  the  drop  inlet 
lengthened  for  transitions  C and  E,  and  the 
adverse  pressure  gradient  was  mild.  For  transi- 
tion D with  the  5D-long  drop  inlet  the  minimum 
pressure  coefficient  decreased  to  -0.04,  caus- 
ing a significant  adverse  pressure  gradient. 

Warped  transitions  F and  G are  defined  by 
specifying  the  shape  of  their  plane,  horizontal, 
triangular  tops,  and  by  extending  successive 
tangents  from  the  sides  of  the  top  to  the  barrel 
circumference.  The  tangents  form  a warped 
surface  on  either  side  of  the  transition.  These 
transitions  are  illustrated  in  figures  XVI-4(c)  and 
(d).  Transition  F is  ID  long  and  transition  G D/2 
long. 

The  pressure  coefficients  for  the  transition  F- 
elbow  3 combination  are  plotted  in  figure  XVI- 
12(e)  and  the  transition  F-elbows  4 and  6 com- 
binations in  figures  XVI-13(a)  and  (b).  The  air 
test  crown  pressure  coefficients  for  transition 
F with  each  elbow  combination  are  nearly  the 
same  and  indicate  a favorable  pressure  gradi- 
ent along  the  transition.  The  minimum  pressure 
coefficients  decreased  to  zero  as  the  drop  inlet 
length  increased  to  5D,  producing  a mild 
adverse  pressure  gradient  toward  the  transition 
exit. 

As  shown  in  figures  XVI-12(e)  and  XVI-13(b), 
some  of  the  water  test  results  for  transition  F 
differ  somewhat  from  the  air  test  results.  With 
elbow  3 both  the  crown  and  minimum  pressure 
coefficients  at  0.70D  downstream  of  the  transi- 
tion entrance  range  from  0.08  to  0.11  below  the 
corresponding  air  test  results.  At  0.05D  down- 
stream of  the  transition  the  water  test  coeffi- 
cients are  0.05  below  the  corresponding  air  test 
values.  With  elbow  6 the  respective  water  test 
pressure  coefficients  are  0.05  to  0.08  and  0.03 
lower  than  the  corresponding  air  test  coeffi- 
cients. 

The  cause  of  the  differences  between  the  air 
and  water  tests  has  not  been  determined. 
Because  the  differences  are  confined  to  two 
piezometer  locations,  they  may  be  due  to  slight 


differences  in  the  geometry  of  the  air  and  the 
water  models  of  transition  F.  Because  of  the 
uncertainty  of  which  results  are  correct,  the 
lower  water  test  results  should  be  used  for 
design  purposes. 

For  the  water  tests  the  minimum  pressure  co- 
efficient was  -0.08  for  the  5D-long  drop  inlet, 
and  the  pressure  gradient  between  0.70D  down- 
stream of  the  transition  entrance  and  0.05D 
downstream  of  the  transition  exit  was  adverse. 

Transition  G has  the  same  geometry  as  tran- 
sition F,  but  it  is  D/2  long.  The  pressure  coeffi- 
cients for  the  transition  G-elbow  3 combination 
are  given  in  figure  XVI-12(f).  The  pressure  coeffi- 
cients along  the  crown  are  positive,  similar  to 
those  for  transition  F,  and  the  crown  gradient  is 
satisfactory.  However,  with  the  rapid  reduction 
of  the  flow  area,  the  minimum  pressure  coeffi- 
cients at  0.35D  downstream  of  the  transition  en- 
trance decreased  to  - 0.25  for  the  5D-long  drop 
inlet  and  there  was  a severe  adverse  gradient  in- 
to the  conduit  entrance. 

Transition  G was  considered  to  be  too  short. 

Conclusions 

Considering  geometry  as  well  as  the  pres- 
sure characteristics,  the  2D-long  conical  transi- 
tion A and  the  ID-long  warped  transition  F were 
selected  as  the  best  transitions.  The  pressure 
coefficients  and  gradients  for  warped  transi- 
tions C and  E are  also  satisfactory. 

Transition  A had  high  pressure  coefficients 
and  favorable  pressure  gradients  throughout 
with  all  drop  inlet  lengths  for  both  the  air  and 
the  water  tests.  However,  the  break  in  the  wall 
alignment  at  45°  on  both  sides  of  the  crown  at 
the  transition  exit  reduced  the  pressure  coeffi- 
cients to  zero  and  created  a minor  adverse 
pressure  gradient. 

Transition  F was  selected  because  the  air 
test  pressure  coefficients  were  adequate,  its 
length  was  one-half  that  of  transition  A,  and  its 
geometry  was  more  easily  defined  than  those 
of  the  other  type  of  warped  transition.  The 
minimum  water  test  pressure  coefficients  were 
lower,  increasing  the  adversity  of  the  pressure 
gradient,  but  these  factors  can  be  considered 
during  the  design  of  closed  conduit  spillways. 

The  short  versions  of  conical  transition  B and 
triangular-topped,  warped  transition  G were 
unsatisfactory  because  of  low  pressure  coeffi- 
cients and  severe  adverse  pressure  gradients. 

Of  the  other  warped  transitions,  transitions  C 
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and  E had  satisfactory  pressure  distributions 
and  minor  adverse  pressure  gradients,  while 
transition  D had  a significant  adverse  pressure 
gradient,  but  all  three  have  a geometry  that  may 
be  difficult  to  form  in  concrete. 

Minimum  Average  Pressure 
Coefficients 

The  minimum  pressures  determine  the 
cavitation  potential.  The  minimum  pressure  is 
the  algebraic  sum  of  the  minimum  average 
pressure  and  the  pressure  fluctuation  about  the 
average.  In  this  section  the  minimum  average 
pressure  coefficients  for  elbows  3 and  6 and 
transitions  A and  F will  be  discussed  and  com- 
pared to  those  of  other  inlet  geometries.  Pres- 
sure fluctuations  about  the  minimum  average 
pressures  will  be  discussed  in  a following  sec- 
tion. 

The  elbow  and  transition  evaluations  indi- 
cated that  the  minimum  pressure  coefficient 
for  each  geometry  varied  with  the  drop  inlet 
length,  so  an  analysis  was  made  to  relate  them. 
There  were  also  differences  between  the  air 
and  water  test  results.  In  both  cases  the  lowest 
minimum  coefficients  obtained  from  all  tests 
on  each  geometry  were  used  for  analysis.  From 
the  resulting  relationships  the  minimum  aver- 
age pressure  can  be  readily  determined  for  any 
geometrically  similar  barrel  entrance. 

Elbows  3 and  6 with  circular  barrel 

Figure  XVI-16  illustrates,  for  each  drop  inlet 
length,  the  minimum  average  pressure  coeffi- 
cients for  elbows  3 and  6 with  transitions  A and 
F for  both  the  water  and  the  air  tests  and  the  cir- 
cular conduit. 

The  minimum  pressure  coefficients  for 
elbow  3 shown  at  xl D = 1.90  in  figures  XVI-11(c) 
and  XVI-12(e)  are  shown  in  figure  XVI-16(a)  to  be 
relatively  independent  of  the  drop  inlet  length. 
The  minimum  average  pressure  coefficient  for 
elbow  3 used  with  transitions  A and  F as  the  en- 
trance to  a circular  barrel  is 

-^0.22  (XVI-2) 

hVp 

For  elbow  6 the  minimum  pressure  coeffi- 
cients, which  occurred  at  x/D  = 0.96  as  shown  in 
figures  XVI-1 1(f)  and  XVI-13(b),  are  shown  in 
figure  XVI-16(b)  to  vary  with  the  drop  inlet 
length.  The  minimum  average  pressure  coeffi- 
cients for  elbow  6 used  with  transitions  A and  F 


as  the  entrance  to  a circular  barrel  are 

-jJa-  = 0.04  ^2.75-  ^ +0.08  (XVI-3) 

in  which  the  term  in  pointed  brackets  is  zero 
when  BID  > 2.75. 


Transitions  A and  F 


The  minimum  average  pressure  coefficients 
for  transitions  A and  F are  plotted  in  figure 
XVI-17.  The  plots  show  that  the  minimum  aver- 
age pressure  coefficient  varies  inversely  as  a 
function  of  the  drop  inlet  length. 

For  transition  A the  minimum  average  pres- 
sure coefficients  shown  in  figure  XVI-17(a)  oc- 
curred 0.05D  downstream  of  the  transition  exit 
as  shown  in  figures  XVI-il(c)  and  XVI-1 1(f).  As 
shown  in  figure  XVI-17(a),  although  the  mini- 
mum average  pressure  coefficients  are  con- 
stant at  hn/hvp  = 0.00  for  the  longer  drop  inlets, 
an  exponential  relationship  provides  a better  fit 
to  the  minimum  coefficients  for  all  lengths  of 
drop  inlet.  Therefore,  the  minimum  average 
pressure  coefficients  for  transition  A are 


0.14 

(B/D)03 


-0.1 


(XVI-4) 


For  transition  F the  minimum  average  pres- 
sure coefficients  shown  in  figure  XVI-17(b)  oc- 
curred 0.7D  downstream  of  the  transition  en- 
trance as  shown  in  figures  XVI-12(e)  and  XVI- 
13(b).  The  minimum  average  pressure  coeffi- 
cients for  transition  F are  given  by  the  exponen- 
tial relationship 


hn  = °-18 o.l 

hyp  (B/D)130 


(XV I -5) 


Elbows  3 and  6 with  square  barrel 

The  minimum  pressure  coefficients  for 
elbows  3 and  6 were  lower  with  the  square  bar- 
rel and  flat  elbow  inverts  than  with  the  circular 
barrel  and  semicylindrical  inverts. 

For  elbow  3 the  minimum  pressure  coeffici- 
ents shown  in  figure  XVI-18(a)  occurred  at 
x/D  = 1.90  as  shown  in  figure  XVI-14(a).  The 
coefficients  became  slightly  negative  as  the 
drop  inlet  length  increased.  The  minimum  aver- 
age pressure  coefficients  for  elbow  3 with  a 
square  barrel  are 

-^-=  -0.01  +0.02  (XVI-6) 

hyp  D 
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Figure  XVI-16.— Minimum  average  and  instantaneous  pressure  coefficients  for  elbows  3 and  6 with  circular  barrel. 


For  elbow  6 the  minimum  average  pressure 
coefficients  shown  in  figure  XVI-18(b)  occurred 
at  x/D  = 0.96  as  shown  in  figure  XVI-14(b)  and 
were  negative  for  all  lengths  of  drop  inlet.  The 


minimum  average  pressure  coefficients  for 
elbow  6 with  the  square  barrel  are 

_hn___025 — 030  (XVI-7) 

hvp  B/D 
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Figure  XVI-17.— Minimum  average  and  instantaneous  pressure  coefficients  for  transitions  A and  F. 

Effect  of  elbow-transition  on  the  minimum  to  streamline  the  inlet  to  the  spillway  barrel  to 

average  pressure  coefficient  reduce  the  cavitation  potential.  Comparisons  of 

the  minimum  average  pressure  coefficients  for 
An  objective  of  the  elbow  and  transition  was  several  inlet  shapes  used  between  2D-long  drop 
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Figure  XVI-18.— Minimum  average  pressure  coefficients  for  elbows  3 and  6 with  square  barrel. 


inlets  and  a barrel  with  zero  slope  are  given  in 
table  XVI-5.  The  2D-long  drop  inlet  was  selected 
for  comparison  because  test  results  were  avail- 
able for  the  greatest  variety  of  inlet  geometries. 

Table  XVI-5  shows  the  square-edged  en- 
trances cause  a large  reduction  in  the  entrance 
pressure.  This  pressure  reduction  is  due  to  the 
abrupt  change  in  boundary  alignment  above  the 
barrel  midheight,  which  causes  separation  of 
the  flow  as  the  jet  enters  the  barrel.  For  both 
drop  inlets  with  the  square-edged  barrel  en- 


trance, the  hydraulic  gradeline  was  about  1.2hvp 
below  the  friction  gradeline  at  0.5D  down- 
stream of  the  barrel  entrance. 

The  Swarthmore  elbow-transition  inlet  is 
streamlined  so  it  reduced  the  tendency  for  flow 
separation.  For  the  Swarthmore  inlet  the 
hydraulic  gradeline  was  0.14hvp  below  the  fric- 
tion gradeline. 

When  elbow  3 or  6 is  combined  with  transi- 
tion A or  F the  hydraulic  gradeline  is  a minimum 
of  0.01  hvp  above  the  friction  gradeline  for  transi- 
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TABLE  XVI-5.— Minimum  average  pressure  co- 
efficients for  several  two-way  drop  inlet  bar- 
rel entrances 


Entrance 

Location' 

hn^vp 

Flat  drop  inlet  invert  with  square- 

edged  circular  barrel  entrance2 

0.5D 

- 1.21 

Semicylindrical  drop  inlet  invert 
with  square-edged  circular  barrel 

entrance3 

.50 

-1.17 

Swarthmore  elbow  and  transition4 

.00 

- .14 

Elbow  3 or  6 and  transition  A 

.050 

+ .01 

Elbow  3 or  6 and  transition  F 

- .30 

- .03 

Elbow  3 with  square  barrel 

- .10 

.00 

Elbow  6 with  square  barrel 

- 25D 

- .18 

’ Location  with  respect  to  barrel 

entrance, 

positive 

toward  downstream. 

2 Part  XII,  figure  XII-1,  entrance  a. 

3 Part  XVII  (In  press). 

4 Value  determined  by  analysis  of  data  presented  in 
reference  in  footnote  5,  page  2. 

tion  A and  a maximum  of  0.03hvp  below  the  fric- 
tion gradeline  for  transition  F.  When  the  barrel 
is  square,  the  lowest  pressure  for  elbow  3 coin- 
cides with  the  friction  gradeline  and  the 
minimum  pressure  for  elbow  6 falls  well  below 
( - 0.18hvp)  the  friction  gradeline. 

The  comparisons  presented  in  table  XVI-5 
show  that  the  elbows  and  transitions  developed 
as  a result  of  this  study  have  the  least  cavita- 
tion potential  of  the  inlets  compared. 

Pressure  Fluctuations 

The  flow  of  water  in  conduits  is  usually  turbu- 
lent and  pressure  fluctuations  about  the  aver- 
age pressure  are  expected.  Additional  tur- 
bulence in  the  drop  inlet  and  in  the  barrel  en- 
trance causes  larger  pressure  fluctuations. 
Negative  pressure  fluctuations  increase  the 
possibility  of  cavitation  and  cavitation-caused 
damage;  as  stated  under  the  heading  “Pres- 
sures” (page  12),  negative  pressure  fluctuations 
can  be  large  enough  to  initiate  cavitation 
damage  even  though  the  average  pressure  is 
positive.  To  evaluate  the  effect  of  the  negative 
pressure  fluctuations  on  the  cavitation  poten- 
tial, the  pressure  fluctuations  at  the  locations 
of  the  minimum  pressures  identified  in  the 
previous  section  were  recorded  and  analyzed. 
Although  a spectral  analysis  was  not  practical, 
the  maximum  fluctuations  were  estimated  from 
the  oscillograph  charts. 

The  maximum  pressure  fluctuations  from  the 
average  pressure  were  determined  for  each  test 
of  the  four  combinations  of  elbows  3 and  6 and 


transitions  A and  F with  the  circular  barrel  and 
elbows  3 and  6 with  the  square  barrel.  The  maxi- 
mum pressure  fluctuation  used  in  the  analyses 
is  the  average  of  the  single  maximum  pressure 
fluctuation  observed  during  each  test  run.  Up  to 
30  runs  were  made  on  each  elbow-transition 
combination.  The  maximum  pressure  fluctua- 
tions, Ahn,  were  expressed  in  terms  of  the  barrel 
velocity  head,  Ahvp,  to  make  them  dimen- 
sionless and  directly  addable  to  the  average 
pressure  coefficients. 

The  dimensionless  pressure  fluctuation  coef- 
ficients, Ahn/hyp,  were  analyzed  to  determine  the 
effect  of  Reynolds  number  and  drop  inlet  length 
on  the  fluctuations  for  each  geometry. 

Effect  of  the  Reynolds  number 

Inspection  of  the  test  results  showed  that  the 
maximum  pressure  fluctuation  coefficients  at 
each  piezometer  location  for  each  drop  inlet 
length  and  elbow-transition  combination  were 
similar  for  all  tests.  The  maximum  pressure 
fluctuation  coefficients  seldom  varied  more 
than  30  percent  from  their  respective  means. 
This  agreement  is  sufficient  evidence,  in  view 
of  the  random  nature  of  turbulence  and  the 
manual  analysis  of  the  fluctuation  data,  to  con- 
clude that  the  pressure  fluctuation  coefficient 
is  independent  of  the  discharge  or  Reynolds 
number.  Therefore,  the  average  maximum  fluc- 
tuation coefficients  given  in  table  XVI-6  were 
used  for  all  subsequent  analyses. 

The  actual  pressure  fluctuations  for  the 
square  barrel  were  about  the  same  as  those  for 
the  circular  barrel,  but  the  average  pressure 
fluctuation  coefficients  for  the  square  barrel 
are  higher  than  those  for  the  circular  barrel 
because  the  velocity  head  in  the  square  bar- 
rel—the  denominator  in  the  Ahn/hvp  ratio— is 
(7r/4)2  = 0.617  times  that  of  the  circular  barrel;  if 
the  fluctuation  coefficients  in  table  XVI-6  for 
the  square  barrel  are  multiplied  by  (ttIA)2  the 
values  fall  within  the  range  of  values  in  table 
XVI-6  for  the  circular  barrel. 

Effect  of  elbow-transition  geometry 

A comparison  of  the  pressure  fluctuation  co- 
efficients listed  in  table  XVI-6  for  each  elbow- 
transition-drop  inlet  combination  shows  that 
the  elbow  and  transition  coefficients  for  each 
combination  are,  within  the  degree  of  precision 
inherent  in  the  analyses,  probably  identical. 
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TABLE  XVI-6.— Average  maximum  pressure  fluctuation  coefficients,  Ah„/h 


vp 


Drop 

inlet 

Circular  barrel 

Elbow:  Transition  combination 

Square  barrel 
Elbow 

length 

3’  : A3 

3’  : F3 

6“ 

: A2 

64 

: F3 

3’ 

64 

1.5D 

0.26:  -0.28 

-0.23:  -0.28 

-0.31  - 

0.36 : - 0.28 

- 

0.37  - 

0.40:  -0.33 

-0.44 

- 

0.58  - 

0.56 

f 

.25 : + .22 

+ .23 : + .22 

+ .29  + 

.19:  + .20 

+ 

.32  + 

.20:  + .31 

+ .37 

+ 

.48  + 

.32 

2D 

.18:  - .18 

- .16:  - .18 

- .24  - 

o 

CNJ 

1 

00 

— 

.24  - 

.26 : - .21 

- .30 

— 

.34  - 

.37 

+ 

.17:  + .14 

+ .16:  + .16 

+ .20  + 

.11  : + .14 

+ 

.24  + 

.17:  + .19 

+ .29 

+ 

.38  + 

.24 

3D 

.11  : - .10 

- .10:  - .08 

- .14  - 

.08 : - .08 

- 

.13  - 

.12:  - .09 

- .18 

- 

.23  - 

.17 

+ 

.13:  + .09 

+ .11  : + .08 

+ .09  + 

.04 : + .05 

+ 

.15  + 

.10:  + .10 

+ .18 

+ 

.23  + 

.14 

5D 

.06 : - .06 

- .06 : - .06 

- .06  - 

.10:  - .05 

- 

.08  - 

.09 : - .06 

- .11 

- 

.14  - 

.11 

+ 

.06 : + .06 

+ .07 : + .06 

+ .05  + 

.08:  + .04 

+ 

.09  + 

.08 : + .09 

+ .11 

+ 

.14  + 

.08 

1 Located  at  x/D  = 1.90. 

2 Located  0.05D  downstream  of  transition  exit. 


3 Located  0.7D  downstream  of  transition  entrance. 

4 Located  at  x/D  = 0.10  and  0.96,  respectively. 


This  indicates  that  the  pressure  fluctuations 
are  not  damped  appreciably  between  the  points 
at  which  the  pressure  fluctuations  were  re- 
corded. 

A comparison  of  the  pressure  fluctuation  co- 
efficients for  each  drop  inlet  length  shows  that 
the  variation  with  elbow-transition  geometry  is 
also  within  the  limits  of  precision  imposed  by 
the  experimental  methods. 

The  results  of  these  analyses  indicate  that 
the  effect  of  the  elbow-transition  geometry  on 
the  pressure  fluctuation  coefficients  is 
minimal. 

Effect  of  drop  inlet  length 

Table  XVI-6  shows  that  the  pressure  fluctua- 
tion coefficients  decrease  as  the  drop  inlet 
length  increases  so  the  pressure  fluctuation 
coefficient,  like  the  average  pressure  coeffi- 
cient, is  a function  of  the  drop  inlet  length. 

The  pressure  fluctuation  coefficients 
become  increasingly  significant  as  the  drop  in- 
let length  decreases:  As  a function  of  the  barrel 
velocity  head  for  the  circular  and  square  bar- 
rels, respectively,  they  increase  from  5 and  11 
percent  for  the  5D-long  drop  inlets  to  40  and  58 
percent  for  the  1.5D-long  drop  inlets. 


The  maximum  negative  pressure  fluctuation 
coefficients  listed  in  table  XVI-6  are  listed  in 
table  XVI-7.  These  values  are  used  to  derive  the 
relationship  between  the  drop  inlet  length  and 
the  maximum  negative  pressure  fluctuation 
from  the  average  pressure.  The  resulting  equa- 
tions are: 

for  the  circular  barrel, 

Ahn  _ 0.57  (XVI-8) 

hVp  (BID)'  '7 

and  for  the  square  barrel, 

Ahn  _ 0,92  (XVI-9) 

hyp  (B/D)’’7 

Computed  values  of  hn/hvp  and  differences  from 
the  observed  values  are  given  in  table  XVI-7. 
The  equations  and  the  maximum  negative  pres- 
sure fluctuation  coefficients  agree  within  4 per- 
cent of  a velocity  head. 

Instantaneous  Minimum  Pressure 
Coefficients 

As  stated  earlier,  the  pressure  fluctuations 
momentarily  reduce  the  minimum  average  pres- 
sure coefficients.  Because  both  the  average 


TABLE  XVI-7.— Maximum  negative  pressure  fluctuation 
coefficients,  Ahn/hvp 


Drop 

inlet 

length 

Circular  conduit 

Square  conduit 

Observed 

Computed 

Difference 

Observed 

Computed  Difference 

1.5D 

-0.40 

-0.36 

+ 0.04 

-0.58 

-0.58 

0.00 

2D 

- .26 

- .25 

+ .01 

- .37 

- .41 

- .04 

3D 

- .14 

- .16 

- .02 

- .23 

- .26 

- .03 

5D 

- .10 

- .09 

+ .01 

- .14 

- .14 

.00 
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pressure  coefficient  and  the  fluctuation  pres- 
sure coefficient  are  expressed  in  terms  of  the 
barrel  velocity  head,  they  can  be  added  to  deter- 
mine the  instantaneous  minimum  pressure 
coefficient. 

The  instantaneous  average  minimum  pres- 
sure coefficients  have  been  computed  for 
elbows  3 and  6 and  transitions  A and  F and  are 
shown  as  dashed  lines  in  figures  XVI-16,  XVI-17, 
and  XVI-18.  The  maximum  fluctuations  are 


large,  particularly  for  the  shorter  drop  inlet 
lengths,  so  that  the  momentary  minimum  pres- 
sures are  much  lower  than  the  average 
pressures. 

If  the  momentary  low  pressures  reach  the 
vapor  pressure  and  occur  so  frequently  that  the 
aggregate  time  in  the  cavitation  range  is  large, 
cavitation  damage  can  be  expected  even 
though  the  average  pressure  will  not  cause 
cavitation. 


ENERGY  LOSSES 


The  energy  losses  were  determined  for  each 
elbow  and  transition  combination.  The  en- 
trance energy  loss  coefficient  Ke  is  the  total 
energy  head  lost  between  the  reservoir  pool 
level  and  the  barrel,  including  any  losses  in  the 
barrel  caused  by  the  entrance,  he  divided  by  the 
velocity  head  in  the  barrel  Vp2/2g.  In  equation 
form 


Ke  = 


he 

Vp’/2g 


(XVI-10) 


The  entrance  energy  loss  coefficient  Ke  was 
divided  into  a crest  energy  loss  coefficient  Kc 
and  a barrel  entrance  energy  loss  coefficient  K,. 
Division  of  the  entrance  losses  in  this  manner 
allows  the  designer  to  select  the  crest  and  bar- 
rel entrance  geometries  independently  and  add 
their  loss  coefficients  to  get  the  total  entrance 
energy  loss  coefficient. 

The  crest  energy  loss  coefficient  Kc  is  the 
energy  loss  between  the  headpool  and  the  mid- 
height of  the  drop  inlet  in  terms  of  the  drop  inlet 
velocity  head  or 


kc  = 


hc 

Vr*/2g 


(XVI-11) 


where  hc  is  the  loss  in  head  between  the  head- 
pool  surface  and  the  midheight  of  the  drop  in- 
let, Vr  = Q/Ar  is  the  average  velocity  in  the  drop 
inlet,  Q is  the  rate  of  flow,  Ar  is  the  cross- 
sectional  area  of  the  drop  inlet,  and  g is  the  ac- 
celeration of  gravity. 

The  barrel  entrance  energy  loss  coefficient  K, 
is  defined  as  the  head  loss  between  the  mid- 
height of  the  drop  inlet  and  the  barrel  entrance 
plus  the  loss  in  the  barrel  caused  by  the  en- 
trance divided  by  the  barrel  velocity  head  or 


K,= 


VpJ/2g 


(XVI-12) 


where  VP  = Q/AP  is  the  average  velocity  in  the 


barrel,  Ap  is  the  area  of  the  barrel  cross  section, 
and  h,  is  the  actual  head  loss— the  difference 
between  the  energy  head  at  the  drop  inlet  mid- 
height and  the  energy  head  at  the  barrel  en- 
trance determined  by  extending  the  barrel  fric- 
tion gradeline  to  the  barrel  entrance.  The 
energy  head  at  the  barrel  entrance  is  defined  in 
this  manner  to  separate  the  turbulence  losses 
caused  by  the  entrance  from  the  friction  loss  in 
the  barrel  so  that  K,  is  independent  of  other 
losses  in  the  spillway.  This  makes  K,  indicative 
of  the  energy  efficiency  of  the  barrel  entrance 
geometry. 

The  experimental  data  used  in  the  analysis 
are  summarized  in  table  XVI-8.  In  addition,  the 
observed  coefficients  corrected  for  mislocation 
of  the  drop  inlet  midheight  piezometer,  the 
computed  entrance  energy  loss  coefficients, 
and  comparisons  with  the  experimental  values 
are  also  listed  in  table  XVI-8. 

The  energy  loss  coefficients  and  the  param- 
eters that  affect  them  will  be  discussed  and 
evaluated  in  following  sections. 

Barrel  Entrance  Energy  Loss 
Coefficient  Correction 

The  crest  head  loss  hc  and  the  barrel  en- 
trance head  loss  h,  were  determined  from  a 
single  piezometer  located  at  the  midheight  of 
the  drop  inlet.  In  all  previous  two-way  drop  inlet 
tests  at  the  St.  Anthony  Falls  Hydraulic  Labora- 
tory this  midheight  piezometer  was  located  ID 
upstream  of  the  downstream  endwall  of  the 
drop  inlet.  However,  for  this  study  the  piezom- 
eter was  inadvertently  placed  0.5D  upstream  of 
the  downstream  endwall  so  the  crest  and  barrel 
entrance  energy  loss  coefficients  were  not 
compatible  with  those  from  earlier  studies  of 
the  crest  and  barrel  entrance  losses  for  the  two- 
way  drop  inlet. 
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TABLE  XVI-8 .—Summary  of  energy  loss  coefficients 
Air  tests  (B-):  D = 0.249  ft 
Water  tests  (W-):  D = 0.1875  ft 


Series 


B/D  Elbow  Transition 


Kc 


K, 


Computed  Observed  Corrected  Computed  Difference 


JV 


AK, 


K„ 


Observed  Computed  Difference 


Circular  barrel 


B-100 

5 

1 

A 

2.48 

0.11 

0.136 

0.102 

-0.03 

0.14 

0.03 

0.20 

0.163 

- 

0.04 

B-101 

3 

1 

A 

1.67 

.10 

.126 

.133 

.01 

.125 

.025 

.24 

.248 

.01 

B-102 

2 

1 

A 

1.48 

.14 

.166 

.187 

.02 

.16 

.02 

.39 

.415 

.02 

B-103 

1.5 

1 

A 

1.42 

.21 

.236 

.257 

.02 

.23 

.02 

.62 

.646 

.03 

B-104 

5 

5 

A 

2.48 

.07 

(’) 

.102 

(’) 

.09 

.02 

.15 

(’) 

(’) 

B-105 

3 

5 

A 

1.67 

.07 

(’) 

.133 

(’) 

.085 

.015 

.20 

(’) 

(’) 

B-106 

2 

5 

A 

1.48 

.08 

O 

.187 

0) 

.07 

-.01 

.30 

(’) 

(’) 

B-107 

1.5 

5 

A 

1.42 

.17 

(’) 

.257 

(’) 

.16 

-.01 

.55 

(’) 

(’) 

B-108 

5 

2 

A 

2.48 

.09 

.116 

.102 

- .01 

.12 

.03 

.18 

.163 

- 

.02 

B-109 

3 

2 

A 

1.67 

.12 

.146 

.133 

.01 

.145 

.025 

.26 

.248 

- 

.01 

B-110 

2 

2 

A 

1.48 

.16 

.186 

.187 

.00 

.19 

.03 

.42 

.415 

.00 

B-111 

1.5 

2 

A 

1.42 

.24 

.266 

.257 

- .01 

.27 

.03 

.66 

.646 

- 

.01 

B-112 

5 

3 

A 

2.48 

.07 

.096 

.102 

.01 

.11 

.04 

.17 

.163 

- 

.01 

B-113 

3 

3 

A 

1.67 

.12 

.146 

.133 

- .01 

.155 

.035 

.27 

.248 

- 

.02 

B-114 

2 

3 

A 

1.48 

.19 

.216 

.187 

- .03 

.23 

.04 

.46 

.415 

- 

.04 

B-115 

1.5 

3 

A 

1.42 

.25 

.276 

.257 

- .02 

.29 

.04 

.68 

.646 

- 

.03 

B-116 

5 

3 

B 

2.48 

.06 

.086 

.102 

- .02 

.10 

.04 

.16 

.163 

.00 

B-117 

3 

3 

B 

1.67 

.10 

.126 

.133 

.01 

.135 

.035 

.25 

.248 

.00 

B-118 

2 

3 

B 

1.48 

.15 

.176 

.187 

.01 

.19 

.04 

.42 

.415 

.00 

B-119 

1.5 

3 

B 

1.42 

.21 

.236 

.257 

.02 

.25 

.04 

.64 

.646 

.01 

B-120 

5 

3 

C 

2.48 

.07 

.096 

.102 

.01 

.11 

.04 

.17 

.163 

- 

.01 

B-121 

3 

3 

C 

1.67 

.11 

.136 

.133 

.00 

.145 

.035 

.26 

.248 

- 

.01 

B-122 

2 

3 

C 

1.48 

.16 

.186 

.187 

.00 

.20 

.04 

.43 

.415 

- 

.02 

B-123 

1.5 

3 

C 

1.42 

.24 

.266 

.257 

- .01 

.28 

.04 

.67 

.646 

- 

.02 

B-124 

5 

3 

D 

2.48 

.09 

.116 

.102 

- .01 

.13 

.04 

.19 

.163 

- 

.03 

B-125 

3 

3 

D 

1.67 

.11 

.136 

.133 

.00 

.145 

.035 

.26 

.248 

- 

.01 

B-126 

2 

3 

D 

1.48 

.16 

.186 

.187 

.00 

.20 

.04 

.43 

.415 

- 

.02 

B-127 

1.5 

3 

D 

1.42 

.23 

.256 

.257 

.00 

.28 

.05 

.67 

.646 

- 

.02 

B-128 

5 

3 

E 

2.48 

.09 

.116 

.102 

- .01 

.13 

.04 

.19 

.163 

- 

.03 

B-129 

3 

3 

E 

1.67 

.10 

.126 

.133 

.01 

.135 

.035 

.25 

.248 

.00 

B-130 

2 

3 

E 

1.48 

.15 

.176 

.187 

.01 

.18 

.03 

.41 

.415 

.00 

B-131 

1.5 

3 

E 

1.42 

.22 

.246 

.257 

.01 

.25 

.03 

.64 

.646 

.01 

B-132 

5 

6 

A 

2.48 

.07 

.096 

.102 

.01 

.10 

.03 

.16 

.163 

.00 

B-133 

3 

6 

A 

1.67 

.10 

.126 

.133 

.01 

.125 

.025 

.24 

.248 

.01 

B-134 

2 

6 

A 

1.48 

.16 

.186 

.187 

.00 

.18 

.02 

.41 

.415 

.00 

B-135 

1.5 

6 

A 

1.42 

.23 

.256 

.257 

.00 

.25 

.02 

.64 

.646 

.01 

B-136 

5 

3 

F 

2.48 

.07 

.096 

.102 

.01 

.10 

.03 

.16 

.163 

.00 

B-137 

3 

3 

F 

1.67 

.11 

.136 

.133 

.00 

.155 

.045 

.27 

.248 

- 

.02 

B-138 

2 

3 

F 

1.48 

.16 

.186 

.187 

.00 

.19 

.03 

.42 

.415 

.00 

B-139 

1.5 

3 

F 

1.42 

.24 

.266 

.257 

.00 

.26 

.02 

.65 

.646 

.00 

B-140 

5 

3 

G 

2.48 

.08 

.106 

.102 

.00 

.11 

.03 

.17 

.163 

- 

.01 

B-141 

3 

3 

G 

1.67 

.11 

.136 

.133 

.00 

.135 

.025 

.25 

.248 

.00 

B-142 

2 

3 

G 

1.48 

.16 

.186 

.187 

.00 

.20 

.04 

.43 

.415 

- 

.02 

B-143 

1.5 

3 

G 

1.42 

.23 

.256 

.257 

.00 

.28 

.05 

.67 

.646 

- 

.02 

B-144 

5 

4 

A 

2.48 

.05 

.076 

.102 

.03 

.08 

.03 

.14 

.163 

.02 

B-145 

3 

4 

A 

1.67 

.11 

.136 

.133 

.00 

.145 

.035 

.26 

.248 

- 

.01 

B-146 

2 

4 

A 

1.48 

.16 

.186 

.187 

.00 

.19 

.03 

.42 

.415 

.00 

B-147 

1.5 

4 

A 

1.42 

.24 

.266 

.257 

- .01 

.28 

.04 

.67 

.646 

- 

.02 

B-148 

5 

3 

F 

2.48 

.08 

.106 

.102 

.00 

.12 

.04 

.18 

.163 

- 

.02 

B-149 

3 

3 

F 

1.67 

.12 

.146 

.133 

- .01 

.155 

.035 

.27 

.248 

- 

.02 

B-150 

2 

3 

F 

1.48 

.17 

.196 

.187 

- .01 

.21 

.04 

.44 

.415 

- 

.02 

B-151 

1.5 

3 

F 

1.42 

.23 

.256 

.257 

.00 

.28 

.05 

.67 

.646 

- 

.02 
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TABLE  XVI-8 .—Summary  of  energy  loss  coefficients— Continued 
Air  tests  (B-):  D = 0.249  ft 
Water  tests  (W-):  D = 0.1875  ft 


Series 

B/D 

Elbow 

Transition 

Kc 

K, 

K,' 

AK, 

Ke 

Computed 

Observed 

Corrected 

Computed 

Difference 

Observed 

Computed 

Difference 

B-152 

5 

3 

F 

2.48 

.08 

Circular  barrel 

.106  .102 

.00 

.12 

.04 

.18 

.163 

- .02 

B-153 

3 

3 

F 

1.67 

.11 

.136 

.133 

.00 

.145 

.035 

.26 

.248 

- .01 

B-154 

2 

3 

F 

1.48 

.16 

.186 

.187 

.00 

.20 

.04 

.43 

.415 

- .02 

B-155 

1.5 

3 

F 

1.42 

.23 

.256 

.257 

.00 

.27 

.04 

.66 

.646 

- .01 

B-156 

5 

6 

F 

2.48 

.08 

.106 

.102 

.00 

.11 

.03 

.17 

.163 

- .01 

B-157 

3 

6 

F 

1.67 

.11 

.136 

.133 

.00 

.135 

.025 

.25 

.248 

.00 

B-158 

2 

6 

F 

1.48 

.16 

.186 

.187 

.00 

.18 

.02 

.41 

.415 

.00 

B-159 

1.5 

6 

F 

1.42 

.22 

.246 

.257 

.01 

.26 

.04 

.65 

.646 

.00 

B-160 

5 

4 

F 

2.48 

.08 

.106 

.102 

.00 

.11 

.03 

.17 

.163 

- .01 

B-161 

3 

4 

F 

1.67 

.10 

.126 

.133 

.01 

.125 

.025 

.24 

.248 

.01 

B-162 

2 

4 

F 

1.48 

.15 

.176 

.187 

.01 

.18 

.03 

.41 

.415 

.00 

B-163 

1.5 

4 

F 

1.42 

.22 

.246 

.257 

.01 

.25 

.03 

.64 

.646 

.01 

W-622 

5 

3 

A 

2.52 

.08 

.106 

.102 

.00 

.11 

.03 

.17 

.164 

- .01 

W-623 

3 

3 

A 

1.72 

.12 

.146 

.133 

- .01 

.13 

.01 

.25 

.251 

.00 

W-624 

2 

3 

A 

1.52 

.155 

.181 

.187 

.01 

.17 

.015 

.40 

.421 

.02 

W-625 

1.5 

3 

A 

1.46 

.22 

.246 

.257 

.01 

.21 

-.01 

.61 

.657 

.05 

W-626 

5 

3 

F 

2.52 

.07 

.096 

.102 

.01 

.09 

.02 

.15 

.164 

.01 

W-627 

3 

3 

F 

1.72 

.10 

.126 

.133 

.01 

.11 

.01 

.23 

.251 

.02 

W-628 

2 

3 

F 

1.52 

.17 

.196 

.187 

.01 

.18 

.01 

.41 

.421 

.01 

W-629 

1.5 

3 

F 

1.46 

.22 

.246 

.257 

.01 

.19 

-.03 

.59 

.657 

.07 

W-630 

5 

6 

F 

2.52 

.07 

.096 

.102 

.01 

.08 

.01 

.14 

.164 

.02 

W-631 

3 

6 

F 

1.72 

.09 

.116 

.133 

.02 

.09 

.00 

.21 

.251 

.04 

W-632 

2 

6 

F 

1.52 

.15 

.176 

.187 

.01 

.14 

-.01 

.37 

.421 

.05 

W-633 

1.5 

6 

F 

1.46 

.21 

.236 

.257 

.02 

.18 

-.03 

.58 

.657 

.08 

W-634 

5 

6 

A 

2.52 

.08 

.106 

.102 

.00 

.10 

.02 

.16 

.164 

.00 

W-635 

3 

6 

A 

1.72 

.10 

.126 

.133 

.01 

.11 

.01 

.23 

.251 

.02 

W-636 

2 

6 

A 

1.52 

.14 

.166 

.187 

.0? 

.14 

.00 

.37 

.421 

.05 

W-637 

1.5 

6 

A 

1.46 

.20 

.226 

.257 

.03 

.17 

-„03 

.57 

.657 

.09 

W-638 

5 

6 

2.52 

.07 

Square  barrel 

.096  .102 

.01 

.10 

.03 

.20 

.203 

.00 

W-639 

3 

6 

— 

1.72 

.10 

.126 

.133 

.01 

.13 

.03 

.32 

.324 

.00 

W-640 

2 

6 

— 

1.52 

.19 

.216 

.187 

- .03 

.21 

.02 

.59 

.567 

- .02 

W-641 

1.5 

6 

— 

1.46 

.24 

.266 

.257 

- .01 

.22 

-.02 

.87 

.906 

.04 

W-642 

5 

3 

— 

2.52 

.07 

.096 

.102 

.01 

.10 

.03 

.20 

.203 

.00 

W-643 

2 

3 

— 

1.52 

.14 

.166 

.187 

.02 

.15 

.01 

.53 

.567 

.04 

W-644 

1.5 

3 

— 

1.46 

.25 

.276 

.257 

- .02 

.28 

.03 

.93 

.906 

- .02 

W-645 

3 

3 

— 

1.72 

.09 

.116 

.133 

.02 

.11 

.02 

.30 

.324 

.02 

1 Because  of  large  deviations  of  observed  Kt  and  Ke  values  from  the  overall  mean  values,  air  test  data  for  elbow  5 and 
transition  A (Series  B-104  through  B-107)  were  excluded  from  the  energy  loss  analyses. 


As  explained  in  the  following  section,  no  use 
was  made  of  the  crest  loss  data  obtained  during 
this  study.  Therefore,  the  error  in  hc  caused  by 
the  mislocated  drop  inlet  midheight  piezometer 
was  not  corrected.  However,  the  experimental 
barrel  entrance  energy  loss  coefficients  were 
corrected  by  determining  and  applying  the  error 
caused  by  the  midheight  piezometer  misloca- 
tion. 

If  equations  XVI-10,  XVI-11,  and  XVI-12  are 


solved  for  he,  hc,  and  h,,  respectively,  the  results 
are  substituted  into 

he  = hc  + ht  (XVI-13) 

and  both  sides  of  the  equation  are  divided  by 
the  barrel  velocity  head,  Vp2/2g,  after  simplify- 
ing the  result  is 

Ke  = Kc^^!_y  + Kt  (XVI-14) 
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By  continuity,  this  relationship  can  be  ex- 
pressed in  terms  of  the  area  ratio  as 

Ke=Kc^A_y  + K,  (XVI-15) 

where  Ap/Ar=  ir/4(B/D)  for  the  circular  barrel  and 
1/(B/D)  for  the  square  barrel. 

Because  the  entrance  energy  loss,  he,  is 
determined  independently  of  the  mislocated 
midheight  piezometer,  the  experimental  en- 
trance energy  loss  coefficients  Ke  in  table  XVI-8 
are  valid  for  any  midheight  piezometer  location 
and  are  compatible  with  the  values  of  K0  ob- 
tained during  earlier  two-way  drop  inlet  studies. 
So  the  experimental  entrance  energy  loss 
coefficients  Ke  and  the  crest  energy  loss  coeffi- 
cients Kc,  computed  using  equation  XII-9,  can 
be  substituted  into  equation  XVI-15  to  obtain 
estimates  of  the  barrel  entrance  energy  loss 
coefficient 

K,'  = Ke,obs-  Kc,comp  (XVI-16) 

These  estimated  values  are  tabulated  in  table 
XVI-8  for  each  elbow-transition  combination. 

The  experimental  values  of  the  barrel  en- 
trance energy  loss  coefficient  were  compared 
with  the  estimated  values  to  estimate  the  error 
caused  by  the  mislocation  of  the  midheight 
piezometer.  The  resultant  error  or  difference 

AK,=  K,' -Kti0bs  (XVI-17) 

given  for  each  geometry  in  table  XVI-8  was  quite 
constant  for  the  air  tests  with  an  average  value 
of  0.034,  but  for  the  water  tests  ranged  from 
0.03  to  -0.03  with  an  average  value  of  0.007. 
Because  the  error  was  approximately  constant 
for  most  of  the  tests,  the  overall  average 
AK,  = 0.026  was  used  to  correct  the  experi- 
mental barrel  entrance  loss  coefficient  for  each 
geometry  as  shown  in  table  XVI-8. 

Crest  Energy  Loss  Coefficient13 

Because  the  study  reported  here  is  on  the 
elbow  and  transition,  the  crest  losses  were  not 
a primary  part  of  the  study.  Therefore,  the  equa- 
tion developed  from  the  detailed  study  of  crest 
losses  reported  in  Part  XII  will  be  used  here  to 

13  For  a theoretical  derivation  of  the  crest  loss  and  a com- 
parison with  experimental  data  see  Hebaus,  G.  G.,  Crest 
losses  for  two-way  drop  inlet.  American  Society  of  Civil 
Engineers  Proceedings,  Journal  of  Hydraulics  Division,  vol. 
95,  (HY3):  919-940,  May  1969. 


TABLE  XVI-9. — Com- 


puted crest  energy 
loss  coefficients 


B 

Kc 

D 

Air 

Water 

1.5 

1.418 

1.460 

2 

1.476 

1.518 

3 

1.674 

1.717 

5 

2.481 

2.523 

compute  the  crest  energy  loss  coefficient.  This 
equation  is 

Kc=  (1_2"d)  + (Z%3  + 0.02(B/D)V2  (XII-9) 

where  the  term  in  pointed  brackets  is  valid  only 
for  tc/D<0.5  and  is  zero  when  tc/D>0.5,  tc  is  the 
crest  thickness,  and  Zp  is  the  antivortex  plate 
height  above  the  crest.  The  relative  crest 
thicknesses  iJD  were  0.125  for  the  air  model 
and  0.111  for  the  water  model.  The  relative  an- 
tivortex plate  height  above  the  crest  Zp/D  was 
0.5  for  all  drop  inlets.  Therefore,  the  crest  loss 
coefficient  Kc  as  expressed  in  equation  XII-9 
became  a function  only  of  drop  inlet  length  for 
each  of  the  two  model  systems  used  in  this 
study.  The  computed  coefficients  are  listed  in 
table  XVI-9. 

Though  table  XVI-9  shows  that  the  crest 
energy  loss  coefficient  increases  with  the  drop 
inlet  length,  the  actual  head  loss  for  a given 
discharge  decreases  as  the  drop  inlet  becomes 
longer.  The  coefficient  increases  because  as 
the  drop  inlet  lengthens  the  velocity  head  in  the 
drop  inlet  decreases  more  rapidly  than  the  crest 
head  loss. 

Using  equation  XII-9,  the  crest  energy  loss 
coefficient  Kc  has  been  computed  for  each 
series  and  is  listed  in  table  XVI-8. 

Barrel  Entrance  Energy  Loss 
Coefficient 

The  data  presented  here  shows  that  the  bar- 
rel entrance  energy  loss  coefficient  is  not  af- 
fected by  the  Reynolds  number  or  the  elbow- 
transition  geometry,  but  that  it  is  a function  of 
the  drop  inlet  length.  The  effect  of  each  of 
these  parameters  is  presented  in  the  following 
sections. 

Effect  of  the  Reynolds  number 

Figure  XVI-19  is  a series  of  plots  showing 
the  typical  effect  of  the  Reynolds  number, 
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Barrel  entrance  energy  loss  coefficient, 


(a)  B/D  • 1.5 


(b)  B/D  *2.0 


80  100  120  140  1 6 0 180  200  220  240  260 

Reynolds  number,  R x I0-3 

(d)  B/D  * 5.0 

Figure  XVI-19.— Effect  of  the  Reynolds  number  on  the  barrel  entrance  energy  loss  coefficient,  Ktcorr,  with  elbow  6 and 

transition  F. 
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Figure  XVI-20.— Barrel  entrance  energy  loss  coefficients  for  several  elbow-transition  combinations. 


R = VPD  Iv,  on  the  barrel  entrance  energy  loss 
coefficient  for  each  of  the  four  drop  inlet 
lengths  tested.  These  and  similar  plots  of  Kt,corr 
for  all  the  air  and  water  tests  and  all  com- 
binations of  elbows  3 and  6 and  transitions  A 
and  F show  that  the  barrel  entrance  energy  loss 
coefficient  is  essentially  constant  for  each  drop 
inlet  length  over  the  range  of  the  model 
Reynolds  number— approximately  90,000  to 

245.000. 

The  maximum  model  Reynolds  numbers  are 
lower  than  and  only  approach  the  minimum 
values  expected  in  prototype  structures.  How- 
ever, because  the  barrel  entrance  energy  loss 
coefficient  is  shown  in  figure  XVI-19  to  be  in- 
dependent of  the  Reynolds  number  for  R> 

90.000,  the  barrel  entrance  energy  loss  coeffi- 
cients are  assumed  applicable  to  similar  pro- 
totype barrel  entrances  with  Reynolds  numbers 
greater  than  90,000. 

Variation  with  elbow  and  transition  geometry 

Figure  XVI-20  illustrates  the  variation  with 
drop  inlet  length  of  the  barrel  entrance  energy 
loss  coefficient  for  combinations  of  elbows  3 
and  6 and  transitions  A and  F.  The  results  are 
typical  of  those  obtained  for  all  geometries 
tested.  The  close  groupings  of  the  coefficients 
for  each  drop  inlet  length  show  that  the  barrel 
entrance  energy  loss  coefficients  are  nearly  the 


same  for  all  elbow  and  transition  combinations 
used  with  the  circular  barrel  as  well  as  for  the 
elbows  used  with  the  square  barrel.  This  in- 
dicates that,  for  the  entrances  tested,  the  barrel 
entrance  energy  loss  coefficient  is  indepen- 
dent of  the  elbow-transition  geometry. 

Effect  of  drop  inlet  length 

Figure  XVI-20  shows  that  the  drop  inlet 
length  has  a significant  effect  on  the  barrel  en- 
trance energy  loss  coefficient.  The  reduction  in 
the  barrel  entrance  energy  loss  coefficient  as 
the  drop  inlet  length  increases  is  the  result  of  a 
less  abrupt  change  in  the  flow  direction  as  the 
drop  inlet  lengthens. 

The  equation  for  the  barrel  entrance  energy 
loss  coefficient  is 

K _ 036 + 0 08  (XVI-1 8) 

(B/D)1 75 

Equation  XVI-18  is  plotted  in  figures  XVI-19  and 
XVI-20  to  show  its  agreement  with  the  data. 

Precision  of  the  equation 

The  computed  values  of  K,  and  their  dif- 
ferences from  the  corrected  values  of  the  barrel 
entrance  energy  loss  coefficient  are  given  in 
table  XVI-8.  The  maximum  deviation  of  the  com- 
puted K,  from  the  corrected  experimental 
values  is  0.03. 
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Agreement  of  the  Computed  and 
Observed  Entrance  Energy  Loss 
Coefficients 

The  entrance  energy  loss  coefficient  Ke  is 
computed  by  substituting  the  proper  relative 
cross  section  area  terms  into  equation  XVI-15. 
For  the  two-way  drop  inlet  with  a circular  barrel 


and  for  the  two-way  drop  inlet  with  a square  bar- 
rel 


In  these  equations  the  crest  loss  coefficient  Kc 
is  given  by  equation  XII-9  and  the  barrel  en- 
trance loss  coefficient  K,  is  given  by  equation 
XVI-18. 

Computed  values  of  Ke  are  listed  in  table 
XVI-8  and  compared  with  the  observed  Ke 
values  for  each  series.  The  differences  between 
the  computed  and  the  observed  entrance  loss 
coefficients  vary  from  -0.04  to  0.03  for  the  air 
tests  and  from  - 0.02  to  0.09  for  the  water  tests. 
Observed  values  of  Ke  averaged  for  each  drop 
inlet  length  and  elbow-transition  combination 
are  plotted  in  figure  XVI-21.  Also  shown  are 
curves  representing  equations  XVI-19  and 
XVI-20.  Equations  XVI-19  and  XVI-20  well  repre- 
sent the  observed  entrance  energy  loss  coeffi- 
cients. 

The  agreement  of  the  computed  and  the  ex- 
perimental entrance  energy  loss  coefficients  is 
also  shown  in  table  XVI-10  as  the  percentage  of 
tests  for  which  the  difference  between  the  com- 
puted and  experimental  values  of  Ke  is  equal  to 
or  less  than  specific  limits  for  each  drop  inlet 
length.  The  computed  values  of  Ke  differ  from 
the  observed  values  by  0.05  or  less  for  essenti- 
ally all  test  conditions,  a slightly  greater  differ- 
ence occurring  with  the  shortest  drop  inlet  for 


TABLE  XVI-10.  — Percentages 
of  tests  for  which  the  dif- 
ferences between  the  com- 
puted and  experimental 
values  of  Ke  were  equal  to  or 
less  than  specified  limits 


Differ- 

ence 

limits 

B/D 

1.5 

2 

3 

5 

±0.01 

38 

43 

67 

62 

± .02 

67 

81 

95 

86 

± .05 

86 

100 

100 

100 

the  water  tests. 

Experience  has  shown  that  values  of  Ke 
agreeing  to  within  0.05  represents  about  the 
limit  of  precision  of  the  experimental  method. 
Therefore,  the  agreement  shown  in  tables  XVI-8 
and  XVI-10  and  figure  XVI-21  is  highly  satisfac- 
tory. 

Compatibility  Limitations 

The  compatibility  requirement  of  Kc  and  K, 
between  this  and  other  closed  conduit  studies 
at  the  St.  Anthony  Falls  Hydraulic  Laboratory 
was  discussed  in  the  section  Barrel  Entrance 
Energy  Loss  Coefficient  Correction. 

Caution  must  also  be  used  in  combining  in- 
dividual loss  coefficients  from  tests  made  at 
different  laboratories.  Unless  similar  piezom- 
eter locations  on  geometrically  similar  models 
were  used,  the  coefficients  will  not  be  com- 
patible. 

Comparison  of  Barrel  Entrances 

A comparison  of  the  entrance  energy  loss 
coefficients  for  various  two-way  drop  inlet  bar- 
rel entrance  geometries  illustrates  the  effec- 
tiveness of  the  elbow  and  transition  in  reducing 
entrance  losses.  This  comparison  is  made  in 
table  XVI-11. 


CONCLUSIONS 


Of  the  elbow  shapes  tested,  elliptical  elbow  3 
had  the  lowest  cavitation  potential.  Elbow  6 
was  the  best  of  the  double  circle  elbows  tested, 
but  its  lower  pressure  coefficients  and  steeper 
adverse  pressure  gradients  show  it  to  be  in- 
ferior to  elbow  3.  However,  use  of  elbow  6 will 
be  satisfactory  for  many  situations. 

Conical  transition  A and  warped  transition  F 
had  closely  similar  pressure  coefficients  and 


adverse  pressure  gradients,  transition  A being 
slightly  better. 

The  barrel  entrance  energy  loss  coefficients 
for  all  combinations  of  elbows  3 and  6 with  tran- 
sitions A and  F are  identical  and  vary  only  with 
drop  inlet  length.  The  coefficients  for  elbows  3 
and  6 when  used  with  square  barrels  are  also 
identical,  varying  only  with  drop  inlet  length. 
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Entrance  energy  loss  coefficient,  Ke  Entrance  energy  loss  coefficient, 


Drop  inlet  length, B/D 
(a)  Circular  ba rrel 


Drop  inlet  length,  B/D 
(b)  Square  barrel 

Figure  XVI-21.— Entrance  energy  loss  coefficients  for  elbows  3 and  6 with  and  without  transitions  A and  F with  circular 

and  square  barrels.  (A)  Circular  barrel.  (B)  Square  barrel. 
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SUMMARY 


For  convenience  of  use  by  designers,  the 
elbow  and  transition  shapes,  the  energy  loss 
coefficients,  and  the  minimum  average  and 
average  minimum  instantaneous  pressure  coef- 
ficients for  elbows  3 and  6 and  transitions  A 
and  F are  summarized  below. 

Elbows 

Elbow  3 is  a quarter  ellipse  having  the  equa- 
tion 

(^)'+  (*)*■’ 

Elbow  6 is  comprised  of  two  circular  arcs. 
The  upstream  arc  has  a radius  of  D/2  and  an 
angle  of  45°.  The  following  arc  has  a radius  of 
3D/2  and  an  angle  of  up  to  45°. 

Both  elbows  are  terminated  at  the  point 

TABLE  XVI-11.— Entrance  energy  loss  coeffi- 
cients for  closed  conduit  spillways  with 
two-way  drop  inlets  ID  wide  and  5D  high 

Description  of  spillway  BID  Ke 

Circular  barrel: 

Two-way  drop  inlet  with  flat,  horizontal  invert 
and  square-edged  entrance  to  barrel  on  zero 
slope;  tc/D  = 0.125,  Zp/D  = 0.5  (Part  XII) 

Two-way  drop  inlet  with  horizontal,  semicylin- 
drical  invert  and  square-edged  entrance  to  bar- 
rel on  zero  slope;  tc/D  = 0.125,  Zp/D  = 0.5  (Part 
XVII’) 

Two-way  drop  inlet  with  horizontal,  semicylin- 
drical  invert  and  elbow-transition  entrance  to 
barrel  on  zero  slope;  tc/D  = 0.125,  Z„/D  = 0.5 
(Part  XVI) 

Two-way  drop  inlet  with  Swarthmore  elbow  in- 
vert and  Swarthmore  elbow-transition  en- 
trance to  barrel  on  zero  slope2;  tc/D  = 0.375, 

Zp/D  = 0.58 

Square  barrel: 

Two-way  drop  inlet  with  flat,  horizontal  bottom 
and  a 90°  circular  elbow  entrance  to  barrel  on 
zero  slope3 

Two-way  drop  inlet  with  flat,  horizontal  bottom 
and  elbow  entrance  to  barrel  on  zero  slope; 
tc/D  = 0.111,  Zp/D  = 0.5  (Part  XVI) 


1 In  press. 

2 See  footnote  5,  page  2. 

3 Payne,  A.  S.,  Entrance  Head  Losses  in  Drop  Inlet 
Spillways,  Design  Note  No.  8,  Engineering  Division,  Soil 
Conservation  Service,  U.S.  Department  of  Agriculture, 
August  19, 1969. 


5 0.53 

3 .63 

2 .83 
1.5  1.10 

5 .53 

3 .63 

2 .83 
1.5  1.10 

5 .16 

3 .25 

2 .42 

1.5  .65 


3 .40 

5 .20 

3 .32 

2 .57 

1.5  .91 


where  the  slope  of  the  curve  equals  the  barrel 
slope. 

Transitions 


Transition  A is  2D  long,  has  a semicylindrical 
invert  of  D/2  radius  laid  on  the  barrel  slope, 
plane  vertical  triangular  sides  tapering  from  D/2 
high  at  the  upstream  end  to  a vertex  at  the 
downstream  end  D/2  above  the  barrel  invert,  a 
plane  isosceles  triangular  top  having  a base  D 
wide  at  the  upstream  end  and  its  vertex  at  the 
downstream  end  laid  on  the  barrel  slope,  and 
oblique  quarter  cones  between  the  vertical 
sides  and  the  top.  Transition  A is  shown  in 
figure  XVI-3. 

Transition  F is  ID  long,  has  a plane  isosceles 
triangular  top  with  a base  of  D length  at  the  up- 
stream end  and  laid  on  the  barrel  slope,  and 
warped  sides  between  the  triangular  top  and 
the  barrel  that  are  formed  by  successive  lines 
from  the  sides  of  the  triangular  top  normal  to 
the  barrel  axis  and  tangent  to  the  barrel  cir- 
cumference. Transition  F is  shown  in  figure 
XVI-4(d). 

Energy  Losses 


Crest  loss  coefficient,  K, 
tr  V . 0.1 


1-2 


(Zp/D)3 


+ 0.02 


(XI 1-9) 


where  the  term  in  pointed  brackets  is  zero 
when  tc/D>0.5. 

Barrel  entrance  energy  loss  coefficient,  K, 

K,  = 0^® + 0-08  (XVI-1 8) 

(B/D)’ 75 

Entrance  energy  loss  coefficient,  Ke 


with  circular  barrel 

Ke  = Kc( 

k 4B/D  ) +K* 

(XVI-1 9) 

with  square  barrel 

Ke  = Kc( 

B,D  ) +K' 

(XVI-20) 

Minimum  Average  Pressure 
Coefficients 


Circular  Barrel 
elbow  3 

A- = 0.22 

Rvp 

slbow  6 

-^_  = 0.04  ( 2.75-  1-  ) +0.08 

hvp  \ D / 


(XV I -2) 

(XVI-3) 
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where  the  term  in  pointed  brackets  is  zero 
when  B/D>2.75 
transition  A 


transition  F 


Square  barrel 
elbow  3 


elbow  6 


hn  _ 

0.14 

hyp 

(BID)03 

hn  _ 

0.18 

hyp 

(B/D)’30 

hn  _ 

-0.01  -?-+l 

hyp 

D 

hn  . 

= 025  n 

-o.i 


hvp  BID 


(XV I -4) 


(XVI-5) 


(XVI-6) 


(XVI-7) 


Instantaneous  Minimum  Pressure 
Coefficients 

For  a circular  barrel  add 

AtV~  = (XV I -8) 

hyp  (BID)"7 

to  the  minimum  average  pressure  coefficients 
for  elbows  3 and  6 and  transitions  A and  F. 


For  a square  barrel  add 

Ahn  _ 0.92 

hyp  “ (BID)"7 


(XVI-9) 


to  the  minimum  average  pressure  coefficients 
for  elbows  3 and  6 with  flat  inverts. 


NOMENCLATURE 


a a dimensionless  parameter  in  equation  XVI-1 

Ap  cross-sectional  area  of  barrel 

Ar  cross-sectional  area  of  drop  inlet 

B drop  inlet  length 

D barrel  diameter  and  drop  inlet  width 

g gravitational  acceleration 

hc  head  loss  at  drop  inlet  crest 

he  total  head  loss  for  drop  inlet,  elbow,  and  transition 

hn  local  pressure  head  deviation  from  the  friction  gradeline 

Ahn  fluctuation  of  local  pressure  head 

h,  head  loss  caused  by  elbow  and  transition 

hyp  velocity  head  in  barrel 

Kc  crest  energy  loss  coefficient 

Ke  entrance  energy  loss  coefficient 

K,  barrel  entrance  energy  loss  coefficient 

AK,'  difference  between  observed  and  estimated  barrel  entrance  loss  coefficients 
K,'  estimated  barrel  entrance  loss  coefficient 
n any  point  along  conduit 

Q discharge 

R Reynolds  number  = VpD/u 

tc  crest  thickness 

Vp  flow  velocity  in  barrel 

Vr  flow  velocity  in  drop  inlet 

x distance  from  elbow  entrance  or  beginning  of  elbow  curvature 
X distance  from  transition  entrance 

y distance  from  barrel  crown 

Y distance  above  transition  and  barrel  centerline 
Zp  antivortex  plate  height 

v kinematic  viscosity 

0 obtuse  angle  between  horizontal  and  tangent  to  free  streamline 
< ) quantity  in  pointed  brackets  is  zero  for  negative  numbers 
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